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The Northern Niagaran Pinnacle Reef Trend (NNPRT) has generated significant
oil and gas production in Michigan. The best reservoir rock in the Reef Trend reservoirs
are from porous and permeable dolomite of the Guelph Dolomite. Low-to-non reservoir
limestone occurs interstratified with reservoir dolomite in many locations. This study
utilizes available cores data, thin section Petrographic Image Analysis (PIA), Mercury
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facies and lithofacies. This study shows that three distinct pore types are present in
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vugs and touching vugs. Intercrystalline porosity is the most predictable pore type in
dolomitized reef reservoirs where a high correlation in porosity and permeability occurs.
Both separate vugs and touching vugs pore types possess a low correlation between
porosity and permeability. A new method to describe the uniformity of pore geometry
using Relative Standard Deviation (RSD) allows for more reliable characterization of
petrophysical properties and permeability prediction from well log-derived porosity.
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CHAPTER I
INTRODUCTION
The relationships amongst porosity, permeability and pore geometry (pore types,
pore sizes and throat-sizes) have been investigated by previous workers to understand
reservoir systems in subsurface sedimentary rocks. Porosity is distributed in rocks as 3dimentional interconnected voids (pores) connected through small constrictions (pore
throats) (Etris et al., 1988). The flow properties in porous rocks are pore throat
dependent. Since the pore throats in the rock connect the pores, permeability is strongly
dependent on pore throat geometry. Overall, pore space geometry affects permeability
and fluid flow (Tonietto et al, 2014). The diversity of pore types and flow properties of
individual flow units in carbonate reservoirs are due to a wide range of facies
characteristics, primary rock fabrics and diagenetic alteration, especially dolomitization.
Unlike sandstone reservoirs, carbonate reservoirs are more vertically and laterally
heterogeneous (Grammer et al., 2008). Porosity and permeability are the most important
properties controlling hydrocarbon storage and flow paths (Tiab and Donaldson, 2004).
The behavior of porosity and permeability in the reservoir rock is linked to pore geometry
characteristics (pore types, pore size and pore-throat size), pore shape and pore
distribution.
Rocks formed in similar depositional environments should, initially have similar
pore types, porosity and permeability distribution (Archie, 1950) but diagenetic
modification can profoundly modify primary pore geometry relationships relative to
depositional controls. The variation in the fundamental properties of different pore types

1

and pore sizes in carbonate reservoir is used to understand fluid flow and to simplify the
complexity of flow units controlled by both primary and secondary mechanism in
carbonate reservoirs. Lucia (1983, 1995) defined 3 common pore types that are present in
carbonate reservoirs; interparticle, separate vug (isolated vug) and touching vug
(connected vug). These 3 basic pore types, discriminated by overall pore geometry, have
very different porosity and permeability relationships in carbonate reservoirs. The
Silurian, Niagaran Pinnacle Reef Trend (NPRT) in Lower Michigan (Figure 1) has been
the most prolific source for oil and gas production in the State of Michigan (Gill, 1994).
About 38% of total oil production in Michigan is from Northern Niagaran Pinnacle Reef
Reservoirs. The typical oil reservoir rock in the Northern Niagaran Pinnacle Reef Trend
(NNPRT) (Figure 1) consists of porous and permeable carbonate, and it has been
suggested by previous workers that most of the significant oil producing reef-complex
reservoirs are dolomitized (Barnes et al, 2013).

2

Figure 1. Map of Southern Peninsula Michigan with Niagaran Pinnacle Reef Trends.
(Grammer et al., 2008)
Research Objectives
This study is focused on the petrophysical characterization of the hydrocarbon
producing interval in NNPRT, specifically within Niagaran – Lower Salina Reef
Complex Reservoir (Reef Reservoir). The main objective in this study is to characterize
pore systems in the Brown Niagaran portion of Reef Reservoir and establish relationships
amongst porosity, permeability and pore-throat geometry in these important reservoir
rock types. Porosity in interparticle/intercrystalline and separate vug-dominated pore
systems is most commonly connected through pore-throats in the matrix. Separate vug
pore systems typically have higher porosity relative to a given permeability compared to
interparticle pore systems. Touching vug pore systems are an important contributor to
high permeability that is typically unrelated to porosity (Lucia, 1995).

3

This study mainly focuses on conventional core samples using Petrographic
Image Analysis (PIA) of thin sections and Mercury Injection Capillary Pressure (MICP)
analysis on representative pore types of Reef Reservoir rock types. Conventional cores
are used to confirm the reef-complex depositional facies presented in Rine (2015) and
define dolomite-limestone contacts or high-quality reservoirs interval versus low-quality
reservoir intervals. Petrophysical descriptions from thin sections are made, with
identification of mud versus grain dominated fabrics and the respective porosity and
permeability distributions. The second purpose is to establish pore types distribution
between the depositional facies outlined by Rine (2015) and dominant pore types in the
Reef Reservoir. Image Analysis software is applied to thin sections to characterize the
pore types and measure the 2-D pore sizes. A hybrid pore size classification scheme
devised based on Choquette and Pray (1970), Lucia (1983) and Lonoy (2006) was used to
describe the dominant pore sizes on each thin section. MICP analysis was conducted on
the thin section intervals to measure the pore throat size distribution and establish the
relationships of pore sizes to pore throat size and then to permeability. This study also
introduces statistical methods which use the Mean (average) and Relative Standard
Deviation (RSD) to quantify pore size and pore-throat size distribution.
The major outcome that was expected in this study is to observe the distribution
and the origin of dominant pore types in the Reef Reservoir facies, especially in the
Brown Niagaran, and relate pore types to flow properties including the relationship of
porosity and permeability. The second outcome is to evaluate interparticle/intercrystalline
porosity versus separate vug porosity and touching vug porosity in order to evaluate the
predictive value of porosity to permeability relationships in these diverse pore types. The
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third outcome is to compare pore size, measured by PIA, with pore-throat size, obtained
from MICP, in order to evaluate the prediction of permeability from PIA pore geometry
characteristics.
Research Questions
Hydrocarbon reservoirs are composed of both dolomite and limestone rock types
in NNPRT fields. Significant variation in the petrophysical properties of diverse rock
types will have important impacts on multiphase fluid flow, which is especially important
to better understand reservoir response in enhanced oil recovery operations. Two
fundamental questions important in the characterization of Reef Reservoir include:
1. What is the pore geometry and spatial distributions in Niagaran – Lower Salina
Pinnacle Reef Reservoir Complexes (Reef Reservoir)?
a. What are the dominant pore types and distributions present in the depositional
facies of Niagaran – Lower Salina?
b. What are the dominant pore sizes and distributions present in the depositional

facies of Niagaran – Lower Salina?
2. Can the pore geometry characteristics, determined from petrographic image
analysis (PIA) and Mercury Injection Capillary Pressure (MICP), be related to
reservoir rock flow properties/permeability?
a. Is there correlation between pore size and pore-throat size, measured using
PIA, and MICP?
b. Does permeability have any correlation to pore-throat sizes?
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c. Can porosity to permeability relationships (transforms) be established

from pore geometries and distributions obtained from PIA?
Previous Studies
The Niagaran Pinnacle Reef Trend has been intensively studied since the initial
large scale petroleum exploration and production in the Michigan Basin beginning in the
1960’s. Many studies address reef growth, diagenetic overprints and sequence
stratigraphic models of reef evolution (e.g. Felber, 1964; Mantek, 1973; Huh, 1973; Gill,
1973; Sears and Lucia, 1979, 1980; Cercone, 1984; Rine, 2015). Previous studies by Gill
(1977, 1979) and Gardner and Bray (1984) included overlying units, the Lower Salina
Group and the nature of hydrocarbon occurrences in the Niagaran Pinnacle Reef
Reservoirs. Most of the petroleum production in the Niagaran Pinnacle Reef Reservoirs is
derived from the Guelph Dolomite (defined as Brown Niagaran) and Lower Salina Group
(A-1 Carbonate).
Huh (1973) developed a model of Niagaran Reefs from cores in the Kalkaska-21
Field in the northern reef trend. He defined four distinct reef growth phases of a typical
reef; biohermal stage, organic reef stage, supratidal island stage and tidal flat stage. Huh
(1973) also observed that the formation of lower Salina Group units: the A-0 Carbonate
to A-2 Evaporite was influenced by sea-level change and its influence on reef
morphology. Huh (1973) also mentioned that there are at least six diagenetic processes
that impacted the Northern Niagaran Pinnacle Reefs. These diageneses encompass
cementation, dissolution, compaction, dolomitization, pore filling and hydrocarbon
maturation (Huh, 1973).
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Recent studies by Rine (2015) developed a more detail representation of the
Niagaran Pinnacle Reef depositional model that updated the previous depositional model
developed by Huh (1973), Mesollela et al (1974) and Gill (1977). Models developed by
previous studies are more simplistic, consisting of vertical stacking models which
excluded the presence of several facies. Rine (2015) developed his model based on the
reefs in the Southern Trend and it also corresponds to the reefs in the Northern Trend.
Rine (2015) also includes a detail facies stacking pattern that corresponds to the reef
geometry that developed over the life time of the reefs. Rine’s (2015) depositional model
is used in this study as this model is more representative of Niagaran Pinnacle Reefs in
the Northern Trend in term of reef geometry and facies distributions, compared to
previous published models.
Sears and Lucia (1980) observed that high quality reservoirs in the Northern
Niagaran Pinnacle Reef Reservoir (NNPRR) consisted of dolomite and the most highly
productive pore types are present in dolomite reservoirs. These authors proposed two
dolomitization models for the reefs: 1.) Reflux of hypersaline brine and seawater and 2.)
Influence of a freshwater mixing zone. Sears and Lucia (1980) suggest that
dolomitization occurred at different times, prior to and the following deposition of the
overlying A-1 Evaporite to A-1 Carbonate. The Northern Niagaran Pinnacle Reef trend is
interpreted to have been impacted by both models, reflux from hypersaline brine and
freshwater mixing zone. Work by Sears and Lucia (1979, 1980) is fundamental to
understand the distribution of limestone vs. dolomite rock types. Understanding of the
distribution of these rock types is essential because the rock types have a major influence
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on the development and distribution of pore types, porosity, permeability and reservoir
quality in NNPRR rocks.
Previous studies only explained the influence and the control of dolomitization
resulting in high reservoir quality of NNPRR but did not consider petrophysics in the
NNPRR. Noack (2008) examined and developed the relationship between petrophysics of
pore types and pore size to the permeability in the Niagaran Pinnacle Reef Trends, both
Northern and Southern Trend. Sonic velocity data was interpreted to define the types of
pores present in the reservoir. Noack (2008) suggested that intercrystalline, intergranular
and vuggy pore types have good reservoir quality because these pore types have well
connected pores for fluid flow. Noack (2008) results showed that slower sonic velocity
values are indicative of a better-connected and more permeable pore networks.
Correlations between the wire-line logs to sonic velocity values are significant for better
prediction of porosity and permeability zones from sonic logs.
The detailed work by Noack (2008) does not account for the all of the complexity
within the carbonate pore types found in the Niagaran Pinnacle Reef Reservoirs. This
study provides clarity on the relationship between pore types and petrophysical properties
using relationships from works by Archie (1950, 1952) and Lucia (1983, 1995) that
showed carbonate rocks with isolated vug porosity may have high porosity but
permeability is still controlled by the interparticle pore network. Hence, the relationship
between porosity and permeability cannot be simply predicted for all carbonate pore
types, but requires the quantification of porosity that does not contribute to the overall
permeability.
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Porosity, Permeability and Their Complexity in Carbonate Rock
Porosity is determined as the percentage of the bulk volume of a rock occupied by
void space, whether isolated or connected (Flügel, 2009). Carbonate rocks exhibit two
major types of porosity; primary porosity and secondary porosity. Primary porosity,
along with other aspects of primary rock fabric, is created during deposition (Flügel,
2009). Secondary porosity is created during diagenesis, at any time after the creation of
primary rock fabric (Flügel, 2009). Enhanced porosity and solution porosity are normally
categorized as secondary porosity. Permeability is a measure of fluid flow through pore
spaces within porous rock (Lucia, 2007). Permeability is measured in millidarcies (mD)
and is calculated using Darcy’s Law. The control of flow rates in carbonate rock depends
on the size and distribution of pores in the rock (Flügel, 2009).
One of the diagenetic processes that influence reservoir quality in carbonate rocks
is dolomitization. Carbonate rocks are highly susceptible to dolomitization.
Dolomitization is the replacement of calcite or aragonite by dolomite crystals (Sibley and
Gregg, 1987; Flügel, 2009). Dolomitization is an important diagenetic alteration in many
carbonate successions. The rate of dolomitization is affected by the presence of reactant
minerals such as low-Mg calcite, high-Mg calcite or aragonite (Sibley and Gregg, 1987).
Dolomitization involves heterogeneous nucleation on a CaCO3 substrate. Nucleation is
favored by; high supersaturations with respect to dolomite and a large number of
available nuclei (Sibley and Gregg, 1987). Dolomite can be formed in 3 ways; 1)
Dolomitization by replacement of CaCO3 with CaMg(CO3)2 as Mg2+-rich fluid moves
through rock, 2) Dolomitization by cementation, in either primary or secondary pores and
3) Dolomitization by precipitation from aqueous solution to form sedimentary deposits or
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“primary dolomite” (Machel, 2003). Dolomitization is wide-spread in Niagaran Pinnacle
reefs both in the Northern and Southern trends. Mantek (1973) suggested the reefs were
originally limestone and dolomitization in the reefs is more pervasive up-dip towards the
carbonate banks. In general, dolomitization can significantly increase porosity as the
particle sizes increase from precursor limestone particles to become dolomite crystals,
and thus results in proportional increase in pore size of intercrystalline porosity (Lucia,
2007).
In many carbonate reservoirs, it is difficult to generate predictive models for
reservoir-quality distribution since carbonate rocks are typically modified by complex
and multi-stage diagenetic events such as dissolution and cementation. The heterogeneity
of diagenetic modification leads to uncertainty in prediction of porosity and permeability
distribution and calculation of hydrocarbon reserves (Lonoy, 2006). Because the
prediction of diagenetic alteration is often difficult, evaluation and analysis of the
distribution of pore types and pore sizes, along with reservoir quality is more commonly
related to spatial distribution of sedimentary facies in carbonate reservoirs. Although the
primary depositional rock fabric of carbonate reservoirs may be overprinted through
diagenetic alteration, the type and extent of secondary modification is typically controlled
by primary facies distributions. This allows for this study’s pore typing exercise to be
integrated with the depositional model (Rine, 2015) created for the Niagaran – Lower
Salina Pinnacle Reef Complex Reservoir (Reef Reservoir) of the Michigan Basin, which
can then be utilized as a tool for the prediction of pore type and size distributions, as well
as permeability within a given reef complex.
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Characteristics of Carbonate Pore Types
Pore types are voids that were created in the rock during deposition and/or
diagenetic processes (Lucia, 2007). Often pore types are related to porosity and
permeability in carbonate rocks (Lonoy, 2006). Carbonate pore systems show complexity
in pore shape and pore size caused by many factors (Choquette and Pray, 1970). Archie’s
(1952) work generated the seminal pore classification scheme. This scheme is based on;
1.) Texture of the matrix and 2.) Characteristics of the visible pore structure. The Archie
(1950, 1952) classification scheme emphasizes pore size distribution and pore types
relative to capillary pressure, porosity and permeability (Figure 2). A more widely used
carbonate pore types classification scheme is the Choquette and Pray (1970)
classification scheme.

Figure 2. Systematic diagram showing relationships between basic rock properties.
Modified from Archie (1950)
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Choquette and Pray (1970) defined their classification scheme based on fabric
selective versus non-fabric selective character. Fabric selective pore types are created
through depositional process and diagenetic modifications. Fabric selective pore types are
associated with rock fabric and skeletal fragments in the rock. Examples of fabric
selective pore types include; interparticle, intraparticle, intercrystalline, moldic, fenestral,
growth-framework and shelter porosity. Non-fabric pore types are associated with
physical and chemical modification to the rock. Non-fabric selective pore types are
created by fracturing of the rock under stress and random dissolution fabrics during the
migration of fluids through the rock. The examples of non-fabric selective pore types are;
fracture, cavern, vug and channel (Figure 3).

Figure 3. Fabric and non-fabric selective pore types (taken from Choquette and
Pray (1970) and modified by Scholle and Ulmer-Scholle (2003))

12

Lucia (1983, 1995) used a similar approach to pore type classification compared
to Archie (1952) and Choquette and Pray (1970) which is widely used in characterizing
carbonate reservoirs. Lucia (1983, 1995) discriminates the pore types into two major
categories: interparticle and vuggy (Figure 4). Lucia (1983, 1995) also included rock
fabrics (mud and grain) in the pore type classification scheme. The major components
that characterize petrophysical properties of reservoir rocks, such as pore types,
permeability, water saturation, etc., are controlled by primary depositional process and
secondary, or diagenetic modifications of the rock. A fundamental step in petrophysical
characterization is classification and characterization of pore geometry including pores,
pore throats and overall pore geometry. Archie (1950) first emphasized that, since rocks
fabrics are heterogeneous, pore types and pore size distributions as well as the fluid
distributions within the reservoir are heterogeneous. Different geological mechanisms
such as depositional processes and diagenesis have produced different rock types that
have different pore size distributions in the reservoir. Because the depositional model
created for the Niagaran Pinnacle Reef Reservoir includes the separation of facies that
were controlled by similar depositional environments, the pore type distributions within
the outlined facies should have some correlation.
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Figure 4. Lucia pore types scheme (1983, 1995) based on interparticle and vuggy pore
types

Dolomite vs. Limestone in Niagaran Pinnacle Reef Reservoir
Silurian Niagaran – Lower Salina Pinnacle Reef Complex Reservoirs (Reef
Reservoirs) have produced large volumes of hydrocarbons since the discovery in the
1960’s. Most of hydrocarbon production is originated from porous and permeable
dolomite (Ells, 1967; Mantek, 1973; Sears and Lucia, 1979; Barnes et al., 2013). Low
hydrocarbon production generally occurs in the Niagaran Pinnacle Reef Complex
Reservoirs that contain salt plugging of porosity (Ells, 1963, 1967). However,
hydrocarbon productions from limestone in Niagaran Pinnacle Reef Complex Reservoirs
are also very low. Porosity in limestone-Niagaran Pinnacle Reef Reservoirs tends to be
occluded by cementation, as it mentioned by Huh (1973) and Sears and Lucia (1979).
The difference in porosity and permeability between dolomite and limestone-Niagaran
Pinnacle Reef Reservoirs is very distinct as dolomite reservoirs produce higher reservoir
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quality, which result in higher porosity and permeability than limestone reservoirs
(Figure 5). Barnes et al., (2013) also explained that porosity is best developed in the
dolomitized pinnacle reef facies as well as off-reef facies (fore-reef and flank facies) due
to abundance of intercrystalline and vuggy porosity, which was created in dolomitized
reef intervals.

Figure 5. Core analysis (C.A) porosity vs. permeability from 2 fields in Otsego
County, Michigan (NNPRT), showing Reef Core dolomite and limestone. C.A
analysis porosity was measured in percentage
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CHAPTER II
REGIONAL GEOLOGY
The Michigan Basin is an Intracratonic basin and deposition in the basin occurred
throughout most of the Paleozoic (Ells, 1958). During the Ordovician, Silurian and
Devonian, North America was near the paleoequator (Figure 6), while the landmass
rotated counterclockwise during the lower Paleozoic (Van der Voo, 1988). This
Intracratonic basin has a diameter over 300 miles wide, covering the Lower Peninsula of
Michigan and extending into Wisconsin, Illinois, Indiana, Ohio and Ontario, Canada
(Briggs and Briggs, 1974). The Michigan Basin was one of several shallow marine
embayment of the North American Intracratonic Sea during the Silurian. The Basin was
located at about 25⁰ south of the equator with North America rotated clockwise about 45⁰
from the present orientation (Van der Voo, 1988). Towards the end of Niagaran (Middle
Silurian) to early Cayugan (beginning of Late Silurian) and during the deposition of the
pinnacle reefs, clastic sediments were rarely brought into the Michigan Basin, especially
in the pinnacle reefs, and carbonates and evaporites accumulated in the basin (Briggs et
al., 1978).
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Figure 6. Paleogeography map during Silurian period with North America indicates
by red circle (Scotese, 1997)

The Silurian – Niagaran Pinnacle reefs are located on the slope, on the seaward
shelf margin of the Michigan Basin (Figure 7). Mesolella et al. (1974) explained that the
pinnacle reefs grew in a belt between a broad, thick bank of dolomite and the basin
interior characterized by thin limestones. The pinnacle reefs are located basinward of a
massive shelf-edge reef complex (Sears and Lucia, 1980). The carbonate reef-complex
build-up has an approximate height of 328 feet (100 meters) and diameter of 3280 feet
(1000 meters), and increases in average height downslope from the northern shelf-edge
into the basin (Mantek, 1973). The thickness of the pinnacle reefs ranges from 300 to 500
feet (91 to 152 meters) in the southeastern reef belt of Michigan Basin and 300 to 600
feet (91 to 183 meters) in the northern part of Michigan Basin (Huh, 1973). The Pinnacle
Reef trends, North trend and South trend in general, are completely encircles the
Michigan Basin except where there were a few widely-spaced inlets and extends from
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southwestern to the north and northeast direction surrounding Michigan Basin (Ells,
1958). After reef growth, the basin switched from humid climatic conditions, to a more
restricted, arid climate (Briggs et al., 1978).
A major sea-level drawdown occurred at the beginning of the late Silurian, as the
Michigan basin becomes a more restricted basin. This drawdown of sea-level caused an
overall regression in the Michigan Basin and at times cut the basin off from the global
ocean. Cercone (1988) suggested that the Michigan Basin was connected to surrounding
epieric seas by inlets, as Briggs et al., (1980) had previously proposed the existence of
inlets in the present vicinities of Georgian Bay, Ontario and Clinton, Michigan. Cercone
(1988) concluded that variable changes in sea-level affected the basin and platform
uniformly by analyzing the Wabash Platform (Wenlockian time) in Indiana.
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Figure 7. Depositional environment map of Niagara – Salina in the Michigan Basin
during Silurian. The Pinnacle Reefs are located along the shelf (shown in dots).
Modified from Briggs and Briggs (1974)
Carbonate Reef Characteristics
Carbonate rocks are composed of carbonate minerals, including calcite and
aragonite (CaCO3) and dolomite (CaMg(CO3)2). Carbonate rocks serve as reservoir rocks
for more than one-third of the world’s petroleum reserves (Boggs, 2009). The majority of
limestones are directly or indirectly influenced by biological processes. A limestone reef
is defined as calcareous deposits created by growth of essentially in-place sessile
organisms like corals or stromatoporoids (Riding, 2002). Flügel (2009) explained that
there are 2 types of reef; organic reefs and carbonate mud mounds. A combination of
organic reef and carbonate mud mounds is defined as a reef build-up. Organic reefs are
defined as marine sedimentary builds-ups formed by biota and formed in place (Flügel,
2009). This reef type is also called framework reef. Framework reefs can be built by
large, in-situ skeletal fragments in contact with small in-situ skeletal fragments (Webb,
1996).
Carbonate mud mounds consists of high amounts of very fine grained carbonate
and reef mound consists of bioclastic lime mud with small amounts of organic bindings
(Flügel, 2009). Sears and Lucia (1979) described 4 distinct reef facies (types): flanking
crinoidal facies [reef debris], carbonate mud mounds facies, coral stromatoporoid facies
and restricted marine facies in Niagaran reef build-ups. Typical reef organisms most
common in organic reefs during Middle Ordovician to Middle Devonian (Flügel, 2009)
include tabulate corals, stromatoporoid sponges, and bryozoans. The most common
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carbonate rock types in reef deposits are boundstone, bafflestone, bindstone, floatstone
and framestone depending on the matrix, grain percentages, fossil contents and
morphology.
Silurian Niagaran Reef Facies
Silurian Niagaran – Lower Salina Pinnacle Reef Complex Reservoir (Reef
Reservoir) strata were developed and deposited in a stable subtidal platform, between
shelf-edge reef complex and deeper water surrounding the Michigan basin during middle
Silurian time (Sears and Lucia, 1980). Reef Reservoir strata comprise the rock units from
the Brown Niagaran, to the lower Salina Group (Figure 6). Sea-water depth in the basin
at that time is interpreted to be about 150-300 meters (Briggs et al., 1990). Kahle (1974)
characterized the Guelph Formation (Brown Niagaran) portion as biohermal deposits
lacking bedding with an abundant and highly diverse fauna and associated vadose fabrics
and karstic features. The typical reef structure developed as crinoidal-stromatoporoids
bioherms and marked the initial Niagaran Reef complex deposits. The basal mound or
bioherm is present in the more basinal pinnacle reefs and represents the initial
stabilization and carbonate buildup by crinoids and bryozoan in relatively deep, low
energy, below wave base and subtidal environments (Coniglio et al., 2003). The
deposition of bioherm facies was the initial stage of the Brown Niagaran deposition,
where the mud-mounds of skeletal materials accumulated on the sea-floor, deposited with
and cemented by lime-mud matrix.
The organic framework reef (reef core facies) is the main portion of the Brown
Niagaran or Guelph Formation and overlies the Bioherm. During this portion of reef
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growth, the reef typically experienced rapid vertical growth due to rapid tectonic
subsidence in the Michigan basin and major transgression in the North America
Epicontinental Sea during the time of deposition. The organic framework reef lithofacies
reflects high energy and wave resistant deposition associated with contemporaneous
deposition of eroded detritus on the flanks, and low energy tidal flat and lagoonal
deposits in wave-shielded environments (Briggs and Briggs, 1974). The framework reef
core is composed of frame-building massive, digitate and encrusting stromatoporoids,
encrusting tabulate corals and rugose corals (Briggs and Briggs, 1974). The organic
framework reef core primarily consists of boundstones characterized by frame builder
organisms such as massive stromatoporoids and tabulate corals (Huh, 1973). Bryozoans,
brachiopods, gastropods and rugose corals are typical organisms that lived on the reef as
reef dwellers. Reef detritus consists mostly of fragmented reef-builder and reef dweller
skeletal debris (Huh, 1973). Reef detritus sediments were deposited in low-lying areas
between the reef cores and are characterized by fine-grained skeletal wackestone (Briggs
and Briggs, 1974).
The third stage of reef growth was the supratidal island stage and it
characterized by the dominance of cyanobacteria (algal) stromatolites that capped the
reef-complex. The Supratidal Island Stage comprises mostly finely laminated,
stromatolitic mudstone. Briggs et al (1978) recognized 5 lithofacies; algal stromatolite,
algal-detritus wackestone, lagoonal mudstone, fine-laminated algal stromatolite and flat
pebble conglomerate. These facies are not always present in the northern reef trend.
Adjacent to the reef structure, reef debris is deposited in both leeward and windward side
of the reef prior to the deposition of algal stromatolite cap. Reef debris was deposited as
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transported materials from the top of the reef. Huh (1973) and Gill (1977) mentioned that
this reef debris consists of conglomerate and was deposited below the Lower Salina
Group. Several disconformities and different facies in the supratidal island stage indicate
fluctuating sea level. The stromatolitic cap facies marks the end of Brown Niagaran
deposition (Briggs et al., 1978).
The next sequence is marked by the deposition of the A-0 Carbonate of the
Lower Salina Group (Figure 8). Huh (1973) described the A-0 Carbonate as fine-grained
carbonate with discontinuous algal and micritic laminations and an absence of any other
fossils. The A-1 Evaporite consists of interbedded anhydrite, salts with limestone and
dolomite (Mesolella et al., 1974). Nurmi and Friedman (1977) and Huh et al (1977)
suggested that the A-1 Evaporite was deposited in the lagoonal and Sabhka environment
due to the presences of vertical gypsum psuedomorphs, chevron-structure halite crystals,
nodular anhydrite and algal stromatolite which indicate shallow water deposition.
The A-1 Carbonate overlies the A-1 Evaporite unit. The A-1 Carbonate consists
of both limestone and dolomite. The general lithology of the A-1 Carbonate consists of
brown, very fine to fine grained, mudstone to packstone and sometimes contains algal
stromatolite laminations. Huh (1973) classified the A-1 Carbonate into 4 distinct facies;
thinly laminated mudstone, fine micritic mudstone, tidal-flat wackestone and algalpelletal wackestone stromatolite (lower unit) and algal-pelletal boundstone stromatolite
(upper unit). The A-1 Carbonate outside the pinnacle reef boundary (off-reef) thins and
consists of limestone or mixed limestone and dolomite, while the on-reef A-1 Carbonate
towards the basin margin consists of dolomite (Gill, 1977). In the southern reef trend,
intervals of anhydrite nodule-deposits in the A-1 Carbonate are called “the Rabbit-ears
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anhydrite” (Gill, 1977). The A-1 Carbonate was deposited in both low and high energy
conditions, during sea-level rise following major drawdown represented by the A-1
Evaporite deposits.

Figure 8. Stratigraphic column Silurian indicating formations of interest (green) in this
study which encompasses Guelph Dolomite (Brown Niagaran) to A-1 Carbonate.
Modified from Catacosinos et al., (2000)

23

CHAPTER III
METHODOLOGY
Core Description
Conventional cores were used to identify primary depositional facies, rock fabric
(grain vs. mud), carbonate matrix (micrite vs. sparite) and determine the settings (in
accordance with the recent model of Rine, 2015) such as leeward and windward facies of
Niagaran – Lower Salina Pinnacle Reef Complex Reservoir (Reef Reservoir) strata.
Fossils content in cores was used to identify the reef complex lithofacies. For example,
the presences of large tabulate corals and rugose corals in boundstone indicate in situ
organic reef facies (reef core). Facies stacking patterns that are observed in the core
defined the sequence stratigraphic framework of the reef. Sequence Stratigraphic models
of the Niagaran – Lower Salina Pinnacle Reef Complex Reservoir (Reef Reservoir),
however, are not the main focus of this study. The model by Rine (2015) is used to
identify the facies present in the Reef Reservoir. Diagenesis such as dissolution of rock
fabric and skeletal fragments (vugs), fracture, cementation and dolomitization were
observed and described in the cores.
Seven conventional cores, available in the Michigan Geological Repository for
Research and Education (MGRRE) at Western Michigan University were used in this
study. Six cores from the Kalkaska-21 Field in Kalkaska County: the State Kalkaska #121, the State Kalkaska #1-22, the State Kalkaska #2-22, the State Kalkaska #3-22, the
State Kalkaska #3-28 and the State Kalkaska #6-22B wells, are the main cores used in
this study (refer to Figure 9). One limestone-dominated core from Crawford County, part
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of the Frederick-10 Field, the Kerr #1-10 well was also used as a limestone-proxy core to
observed and compared the lithology with dolomite cores from the Kalkaska-21 Field.
The Kalkaska-21 field is the main focus of this study, since this field has a rich suite of
data including cores and modern well logs. These cores have limestone-and dolomite–
dominated intervals that were used to compare less altered primary depositional facies
versus dolomitized, secondary (diagenetic) facies. The cores from the Kalkaska-21 Field
provide important information for petrophysical analysis, especially a wide variety of
pore types for evaluation of porosity, permeability, and pore throat size distribution, from
limestone and dolomite reservoir rocks in Brown Niagaran to Lower Salina Group (the
A-0 Carbonate to the Lower A-1 Carbonate) strata.
Depositional facies were described using the Dunham (1962) classification
scheme for reef rocks. The Dunham scheme is used to describe the rock based on mud
and grain percentage, i.e., mudstone, wackestone, packstone, or grainstone. Lithofacies
were described based on the characteristics of the studied cores. Common observations
used to discriminate distinct lithofacies include muddy vs. grainy fabrics, particle sorting
textures and skeletal components. Representative thin sections were taken from each of
the distinct lithofacies to study, using petrographic image analysis (PIA) techniques, the
size and spatial distribution of pore types.
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Figure 9. Generalized map showing study area from Kalkaska-21 Field in Kalkaska
County, MI. The map is modified from Rine et al., (2016) [in review]

Thin Section Petrography
Petrographic analysis is fundamental for the purposes of this study. Dolomite and
limestone reef samples were observed using a standard petrographic microscope. Thin
section petrography in this study, observed particle (crystal) sizes, crystal morphology,
pore types, pore sizes and any digenetic modifications in each facies and lithofacies.
Dolomite crystals crystal morphology was described using the Sibley and Gregg (1987)
approach. The Sibley and Gregg (1987) scheme is based on the morphology of dolomite
crystals. There are two major types of dolomite crystal morphology in terms of crystal
size distribution: unimodal and polymodal. Unimodal crystal size is defined where all
crystals in the sample have a uniform or similar size and/or shape. Polymodal crystal size
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is defined where some crystals are larger than others (or have different size and/or shape).
Non-planar crystal structures are defined by irregular dolomite crystal shapes. Planar
subhedral (planar-s) dolomite is defined to have partially euhedral and/or rhombic shape.
Planar euhedral (planar-e) dolomite is defined by perfectly euhedral-rhombic shape
(Figure 10). Most thin sections in this study were stained with Alizarin Red-S stain to
determine the calcite content (indicated by light red color).
Measurement of crystal sizes was conducted using ProgRes Capture Pro v.2.10.0
in all thin sections. Crystal diameter measurement was obtained by measuring the
distance from edge-to-edge of the crystal from 20 – 30 crystals on each thin section.
Since some of dolomite crystals have rhombic (hexagonal) shapes, crystal sizes were
measured by taking a squared from diameter, with a general assumption that the majority
of the crystals have square shape. Average crystal size is taken from 20 – 30 crystal size
measurements to obtain a generalize crystal size measurement on each thin section. To
obtain a generalize crystal size from each lithofacies, average crystal size is calculated
from samples available in each lithofacies.
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Figure 10. Dolomite crystal structure illustrations (Sibley and Gregg, 1987)

Petrographic Image Analysis (PIA)
The Petrographic Image Analysis (PIA) technique was used extensively in this
study to measure pore sizes in petrographic thin section. Ninety-three standard (27 × 46
mm in size), blue dye epoxy stained thin sections were used for PIA technique. These
thin sections were obtained from dolomite-and-dolomite portion of the core from six
cores in the Kalkaska-21 Field. Analysis of pore size on thin sections is conducted
through image analysis software. Image analysis software is used to measure the pore
area and percent Image Analysis (I.A) porosity, and other measurements such as
perimeter, length and width of the pores. Entire thin sections (27 × 46 mm in size) were
scanned at 2400 dpi resolution using an Epson V800 Photo scanner. Thin sections were
measured in vertical or horizontal dimensions from edge-to-edge by a ruler in centimeter
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scale for calibration in the software. Images of thin section were imported to J Micro
Vision v. 1.2.7 software. This software has been used by previous workers to study pore
geometry. The Spatial Calibration of the image (2400 dpi, Figure 10) and Known
Distance (thin section dimensions) were entered in appropriate parts of the Calibration
Mode menu. The output measurement is chosen as micrometer (Figure 11). Pore area was
measured by pixels. 1 pixel is approximately equal to 10.5 ̴ 10.6 µm. Figure 12 shows an
example of thin section after it was scanned.

Figure 11. Spatial Calibration Menu on J Micro Vision v. 1.2.7

The next step is detecting all pores on the thin section. The software can easily
distinguish pores from mineral material (e.g. crystals) since the pores are filled with bluestained epoxy. In the Area Menu, Object Extraction creates a polygon for selection. Pores
were defined by a pencil tool and selected under IHS (Image Hue Saturation). Pores are
then marked by red color (Figure 13). However, some thin sections that have bubbles
(porosity without blue epoxy) can also be identified and scanned separately from the
pores and were marked in green. The output for all measurements was imported into
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Excel spreadsheets. The most important measurement from the PIA that characterizes the
dominant pore size in each thin section is pore area.

Figure 12. Full – scan thin section that was imported and calibrated in the software.
The red line represents the distance of calibration measured from the ruler in this case
is 2.5 cm

Figure 13. Pores were marked by red and scanned under the Object Extraction Menu
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Mercury Injection Capillary Pressure (MICP)
Permeability is controlled by pore throat distributions (Lucia, 2007). An estimate
of pore throat size distribution can be obtained by Mercury Injection Capillary Pressure
analysis (MICP). MICP analysis measures the variation in intrusion volume of mercury
(a strongly, non-wetting fluid phase) into a sample/core plugs containing air (wetting
phase) at incrementally increasing pressure to estimate the volume of porosity connected
by pore throats of various sizes. MICP analyses were conducted from core (dolomite
portions) from the Kalkaska-21 Field. A fundamental observation is that rock samples
consisting of mostly intercrystalline pores have very different MICP results compared to
vuggy porosity-dominated samples. Archie (1950) suggested that pore-throat size
distribution can be evaluated from MICP data. High pressure indicates that mercury is
injected into smaller pore throat, while low pressure indicates that mercury is injected
into larger pore throats. Using MICP analysis it is possible to discriminate families of
curves representing different pore size distributions from different NNPRR facies, e.g.
Brown Niagaran (Guelph Dolomite) versus Lower Salina Group. A main goal of the pore
geometry work presented here using MICP and PIA analysis is to investigate the
relationship between pore size distribution (PIA data) and pore-throat size (MICP data)
distribution and then relate pore size distribution to permeability.
Samples were taken from the 1 foot core sample due to unavailability of core
plugs. The rock samples used in MICP analysis were taken from whole core intervals
previously analyzed for conventional porosity and permeability. The core material was
cut to a size of 3/8 inches by, 1/4 inches by and 1/4 inches. The samples were then
washed with water to remove all dust particles from the pores as the result of cuttings and
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dried in the oven to remove water. Samples were weighed and then introduced into the
penetrometer of a Micrometrics Porosimeter (at the SEMCAL laboratory, Ohio State
University, Columbus, OH). The Micromeritics device has 4 low pressure chambers and
2 high pressure chambers. Once the samples are inside the penetrometer, calibrations
such sample weight, pressure and percent porosity (either based on core analysis or
estimation) was entered into the software. Samples were initially run at low pressure,
<100 psi, and then run at high pressure. Five samples were run to a total pressure of
10,000 psi and six samples were run at 13,000 psi. These pressures were chosen because
they represent the pressure necessary to intruded very close to 100% mercury (Hg)
saturation into the pore spaces of the sample. Adhesive angle and mercury surface tension
were determined to be 135⁰ and 485 dynes/cm (for dolomite samples). Higher pressure of
injection (up to 60,000 psi) are not recommended due to long analytical times (with little
if any additional relevant data) and the likelihood of creating unnatural fracture that will
mislead the pore-throat size reading.
Total volume of mercury intrusion is different for each sample depending on the
size and porosity of the samples. For instance, a muddy fabric sample with smaller pore
throats and less porosity will imbibe less mercury compared to a more porous sample
with a grainy fabric. Cumulative and incremental intrusions were plotted. Cumulative
intrusion is defined as the intrusion of the total volume of mercury at each measured
pressure (Webb, 2001). The significant of cumulative intrusion curve is to define the
most intruded pore-throat radius at each pressure. The steeper slope of cumulative
intrusion curve suggests that pore-throat radius is likely to be multimodal (non-uniform)
whereas the gentler slope of cumulative intrusion curve suggests that pore-throat radius is
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more unimodal (uniform) as mercury intruded at about the same pore throats and
pressure. The results of MICP were reported as pore throat diameter in micrometers
(µm). Pore-throat size normally refers to pore throat radius, and thus pore throat diameter
is converted to pore throat radius. Pore throat is defined as pore volume connected by
pore throat of measured sizes. Pore volume represents by percent Hg intrusion resides in
the pore throats.
Incremental intrusion curve is the most representative curve used in this study that
defines pore-throat radius distribution. Incremental intrusion is defined as incremental
volume of mercury being intruded at each interval (Webb, 2001). MICP result shows
different percent Hg incremental intrusion. To get an accurate statistically significant
measurement of pore throats, the number/frequency distribution of pore throats radius
have to be defined for each percent Hg intrusion resides in each pore throat radius.
Frequency distribution of pore throat radius is defined by percent incremental Hg
intrusion at a given pore throat radius is to multiply by 1000. 1000 gives more precise
frequency for pore throat radius that resides in each percent incremental Hg intrusion.
Wireline Logs
To understand the distribution of depositional facies and pore types in the Reef
Reservoirs, modern logs were used. Modern logs comprise the gamma-ray log, neutronporosity log (NPHI), side-wall neutron porosity log (SNP), bulk density (RHOB) and
photoelectric factor log (PEF). Gamma-ray logs measure the amount of potassium (K),
thorium (Th) and uranium (U) radiation in the rock and, ideally, estimate lithology in the
subsurface. Muddier rock fabrics tend to be associated with higher gamma-ray log
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signature and grainier rock fabrics tend to exhibit with lower gamma-ray log signature as
a function of siliciclastic mud content in the poorly washed rock types. Core analysis
porosity and permeability was used to compare with porosity from the NPHI and SNP
log.
Depth shift at 0.25 feet (State Kalkaska #2-22), 2.75 feet (State Kalkaska #1-21),
3 feet (State Kalkaska #6-22B) and 3.5 feet (State Kalkaska #1-22) from core to log is
conducted in 4 cores from Kalkaska-21 Field. The PEF log indicates the types of
mineralogy present in a core. For this study, 4 distinct, dominant mineralogical facies are
presents: 1) calcite, 2) dolomite, 3) anhydrite and 4) halite. The PEF log can differentiate
between limestone and dolomite. PEF values for limestone (calcite) are 5.08 and for
dolomite are 3.14 (Al-Awadi et al., 2009). The use of modern log data can be a powerful
tool to predict the lateral stratigraphic framework in Northern Niagaran Pinnacle Reef
Complex Reservoir trend because not many cores were available. Modern digital log data
used in this study were available from an internal compilation at the Michigan Geological
Repository for Research and Education (MGRRE) facility at Western Michigan
University, Kalamazoo, MI. This study will not be focused on wireline log data in detail.
However, wireline logs are used for well-correlation to infer the lateral distribution of
Niagaran Reef Facies and to detect the contact between dolomite and limestone.
Pore Types and Pore Sizes Measurement
The pore-type classification scheme used here was influenced by Choquette and
Pray (1970) and Lucia (1983, 1995) and was devised by Lonoy (2006). Lonoy (2006)
classified 3 distinct pore sizes: micropores, mesopores and macropores based on overall,
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dominant pore types. Lonoy (2006) defined vuggy pore types to have pore sizes larger
than macropores. The pore size measurement that he used is the diameter of the pores (in
thin section) in micrometer (µm). In this classification scheme, Lonoy (2006) also
incorporated pore distributions from uniform to patchy (Figure 14). Uniform pore
distribution is defined by well sorted (low standard deviation) pore sizes whereas patchy
pore distribution is defined by poor sorting (high standard deviation) of pore size
diameters present in thin section.
Three basic pore types were identified in thin section: 1) Interparticle, 2) Separate
vug and 3) Touching vug pore types. Interparticle refers to pore spaces between
grains/particles and include both intergranular (limestone) and intercrystalline (dolomite).
Intercrystalline pore types are most easily identifiable using petrographic microscopy,
while large vuggy pore types are observable in core/hand sample. Lucia (1983, 1995)
defined separate vug pore types as pores larger than the average particle (grain or crystal)
size. Some separate vugs identified in the Niagaran facies assemblages are associated
with skeletal fragments and are classified as moldic or growth-framework pore types.
Touching vug (connected vug) pore types are identified as vuggy pore types that are
connected. Touching vugs are easily identifiable in core and are associated with extensive
dissolution and fracturing. Dominant pore types within a given lithofacies are based off
on qualitative observations in both core and thin sections.
The new classification used for this study is a combination of previous
classification schemes, including Choquette and Pray (1970), Lucia (1983, 1995) and
Lonoy (2006) (Figure 15). Previous studies defined pore size by measuring the pore
diameter. Since few pores are circular, the measurement of diameter can be ill-defined.
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Hence, this study defines pore size measurement through measurement of pore area. The
Choquette and Pray (1970) pore size classification scheme describes micropores, small
mesopores, large mesopores and megapores, None of the cores sampled have megapores
(“man-sized” caves), and therefore macropores were the upper limit defined in this study.
The Combined Pore Type Classification scheme used here defines micropores as
pore area of ≤ 4000 µm2, mesopores from 4000 – 250,000 µm2, macropores from
250,000 – 1,600,000 µm2 and extra-large macropores with ≥ 1,600,000 µm2. Mesopores
and macropores pore area divided into 3 sub-classes: small, medium and large, to observe
distribution of the percent pore area (histogram) chart within mesopores and macropores.
These sub-classes were obtained from 1/3 of the mesopores and macropores size range.
Dominant pore area is represented by plotting a column (histogram) chart of
percent pore size (pore area) and applying the Combined Pore Type Classification from
Figure 15 to establish pore size bins. The value for each pore area bin was calculated
from measured pore area divided by the sample total pore area multiplied by 100 (for
percentage) from each thin section. The cutoffs from Combined Pore Type Classification
from Figure 15 approach represent the percent area of micropores, mesopores,
macropores and extra-large macropores on each thin section. This hybrid approach to the
characterization of pore size and size distribution added to the pore type classification by
the inclusion of pore distribution, i.e. uniform and patchy (Lonoy, 2006). Lucia (1983,
1995) pore fabric, such as mud and grain, is used in the new classification in order to
observe the correlation of pore types and pore sizes to porosity and permeability of the
same rock fabric.
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Figure 14. Lonoy (2006) pore types classification in addition to pore size based on
diameter of the pores and the distribution such as uniform or patchy
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Figure 15. Combined Pore Size Classification used in this study that reference from previous pore type and pore size classification
schemes

Dominant Pore Size
The dominant pore size is defined from data gathered from the PIA completed on
thin sections. These measurements are graphically represented by percent pore area
charts. The percent pore area charts for each thin section, display the percentage of the
total pore area for each size classification. Classification of dominant pore size relies
upon the quantitative measurements of PIA, as well as the qualitative observations of thin
sections using petrographic microscopy. Due to limitations of the resolution of the PIA
analysis, the microporosity or micropores of the sample are often underrepresented.
Therefore, a micropore-dominated sample is defined when the percent pore area of
microporosity is greater than 7% of the total pore area measured using PIA. A mesoporedominated sample is defined when the total percent pore area of mesopores classes
(including small-meso, medium-meso and large-meso), are greater than other pore sizes
(micro or macro). Macropore-dominated samples are those with total percent pore area
of macropores is higher than the other pore size classifications (micro and meso). The
final dominant pore size classification result for the 93 samples (thin sections) follows the
above criteria closely, although some samples found in Appendix A deviate from these
requirements. These classifications are defined from both the quantitative PIA
measurements and the author’s qualitative observations of the samples, since pore area
determinations for macropore-dominated samples are not accurately represented by
petrographic observation.
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Statistics and Pore Size and Pore-Throat Size Distribution
Descriptive statistics are utilized to characterize the variability of pore sizes
within thin section samples. Descriptive statistics for pore size obtained from the PIA
data include mean or average pore size (pore area) and standard deviation. Standard
deviation (σ) is used to describe the disparity/uniformity of the pore size distribution.
Smaller standard deviation indicates that the data is more closely spaced around the
mean; while a greater standard deviation indicates that the data is more dispersed over a
wider range of values around the mean of the data. The ratio between standard deviation
and the mean of pore area in a sample defines the dispersion of standard deviation values
from the mean. This ratio is called the coefficient of variation or relative standard
deviation (RSD). Normally, the RSD is calculated as the standard deviation divided by
the mean multiplied by 100, to get the percentage (Everitt and Skrondal, 2010). In
addition, to simplify the RSD number in each thin section and for the purpose of this
study, the ratio between standard deviation and mean was sufficient to describe the
uniformity of the pore sizes, without taking the percentages. Therefore, the RSD used in
this study is simply the standard deviation of pore sizes divided by the mean (average) of
pore sizes.
The same descriptive statistics are calculated for the pore-throat size
distributions obtained from MICP analysis. Using the size classification developed by
Doveton (1995) for pore-throat size and the calculation of incremental mercury intrusion,
the frequency for different pore throat sizes throughout the sample are obtained. Porethroat size obtained by MICP refers to pore-throat radius. Statistics include the mean
(average pore-throat size), mode (pore-throat size with greatest occurrence), and standard
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deviation. The same ratio is calculated to determine the coefficient of variation or relative
standard deviation (RSD) for pore-throat sizes. Statistics gathered from the MICP
analysis exclude intrusion of pore throat sizes before break through pressures are reached
(Hartman and Beaumont, 1999).
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CHAPTER IV
RESULTS
Brown Niagaran (Guelph Dolomite)
Bioherm
General descriptions: The bioherm facies assemblages of the Reef Reservoir are
the stratigraphically lowest deposits present in the studied cores. The bioherm represents
an initial accumulation of muddy sediment, which is often referred to as a mud-mound.
The bioherm in the reef core complex (refer to type well no. 3, green shades in figure 16)
is composed of one main lithofacies: skeletal wackestone in the State Kalkaska #1-21 and
State Kalkaska #1-22 wells. Another minor lithofacies found in the bioherm located in
the windward reef talus setting (refer to type well no. 2 in figure 16) is the skeletal
bioherm toe and is present in the State Kalkaska #2-22 well. The skeletal wackestone and
the bioherm toe grainstone lithofacies are dominated by muddy fabric as primary
depositional fabrics.
The skeletal wackestone lithofacies is generally gray, fine crystalline dolomite
and displays a mottled texture. The range of crystal size (diameter) and average crystal
size for this lithofacies is display in Table 1A. The skeletal wackestone lithofacies in
general has a unimodal and planar subhedral crystal structure. Stromatactis are abundant
in the bioherm deposits of this facies and contribute to the mottled texture in the skeletal
wackestone deposits (Figure 17). The skeletal bioherm toe grainstone lithofacies is dark
gray, comprised of medium to coarse crystalline dolomite and contains an abundance of
poorly sorted clasts of skeletal fragments (Figure 17). This lithofacies has a slightly
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higher crystal size range and average crystal size than the skeletal wackestone lithofacies.
The majority of crystal in the skeletal bioherm toe grainstone lithofacies is considered to
have a unimodal size and planar subhedral structure.
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Figure 16. Generalized model of the Niagaran Pinnacle Reef Reservoir Complex showing different reef settings represented
by number 1 to 6 (Rine, 2015)

Core analysis from the State Kalkaska #1-22 well shows that the bioherm that
consists of the skeletal wackestone lithofacies has a porosity range from 0.5% – 7.9% and
a permeability range from <0.1 – 12 mD. Core analysis from the State Kalkaska #2-22
well from the skeletal bioherm toe grainstone lithofacies exhibits slightly higher porosity
range from 1.3% – 13.2% and permeability range from <0.1 – 25 mD.
Pore Types: Three thin sections from the skeletal wackestone lithofacies and three
thin sections from the skeletal bioherm toe lithofacies were studied. These samples are
completely dolomitized and intercrystalline pore types are observed to be a dominant in
the skeletal wackestone lithofacies (Figure 18). Separate vug pore type is the second
most dominant pore type in this lithofacies and is observed to have pore size distribution
larger than the average diameter of dolomite crystals in the sample (Figure 18). Separate
vug pores found in the skeletal wackestone samples are not well connected and are not
associated with moldic pore types. In some intervals, primary skeletal fragments such as
brachiopods and crinoids are present, but in general, skeletal wackestone lithofacies lacks
of these primary skeletal fragments. The skeletal bioherm toe grainstone lithofacies
samples consist of predominantly large connected vugs or touching vugs pore type (see
Figure 18), moldic and vuggy pore types. Large connected vugs were observed in core
and thin section and originate from dissolution of large skeletal materials. Moldic pore
types in this lithofacies are observed in thin section as skeletal grain-shaped pores. Vuggy
pore types are distinct from moldic pore types as vuggy pores are more irregular in shape.
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Core depth: 6664’

Core depth: 6755.5’

Figure 17. Skeletal wackestone lithofacies from the State Kalkaska #1-22 well (left) and
skeletal bioherm toe grainstone lithofacies from the State Kalkaska #2-22 well (right).
Stromatactics textures are represented by chalky color in the State Kalkaska #1-22’s
photo
B

A

C
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Figure 18. Typical pore types in the skeletal wackestone lithofacies from the State
Kalkaska #1-22 well (A and B) and the skeletal bioherm toe grainstone lithofacies from
the State Kalkaska #2-22 well (C). A) Intercrystalline pore types at 6685’. B) Separate
vug pore types (R) at 6608’. C) Touching vug pore type from the skeletal bioherm toe
grainstone lithofacies at 6751’. All scale bars are at 800 µm

Dominant pore size: Three samples from the skeletal wackestone lithofacies and
three samples from the bioherm toe lithofacies were studied using PIA. Two
representative samples with one sample from each lithofacies, are display in Plate 1A.
Table 1B provides the PIA results for representative samples in Plate 1A. The remaining
samples are display in Appendix A and B. Samples 6674’ and 6751’ are dominated by
muddy fabric. Sample 6674’ represents the skeletal wackestone lithofacies and is
classified as an intercrystalline micropore-dominated sample. Percent pore size
classification for each samples, including dominant pore size in the bioherm facies
assemblages are display in Table 1B. There are significant micropore percentages within
the sample, as the PIA reveals the cutoff of 7% is met (Plate 1B). Sample 6751’
represents the skeletal bioherm toe grainstone lithofacies with extra-large macropore
percentages of 31% being the highest amongst other pore size classifications (Plate 1B).
This sample is classified to have dominant pore size in macropores and dominant pore
type in touching vug. Total macropore percentages in sample 6751’ are higher than total
mesopore and micropore percentages (Table 1B).
Pore size distribution: Table 1B provides information from the PIA for a
representative bioherm facies assemblage samples (sample 6674’ and sample 6751’)
regarding the average pore size (µm2), standard deviation (µm2) and RSD. Table 11 in
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Appendix A provides information for all samples from the bioherm facies assemblages.
Sample 6751’ from the bioherm toe grainstone lithofacies is observed to have patchy
pore size distribution and when compared to sample 6674’ has higher average pore size
and standard deviation, therefore higher RSD. The higher RSD value in sample 6751’ is
interpreted to be due to the presence of significant proportion of extra-large macropore.
Pore-throat size distribution: MICP analysis was conducted in sample 6608’ from
the skeletal wackestone lithofacies. The PIA and MICP result for sample 6608’ are
displayed in Tables 1B and 1C and Plate 1C. The PIA result shows that sample 6608’ has
a higher percent macropore area but qualitative observation under microscopy suggests
that this sample was dominated by mesopores. Incremental intrusion of mercury from the
MICP analysis gives an indication of pore-throat distributions within the sample. Peaks
on the incremental intrusion curve represent pore-throat sizes through which a significant
amount of mercury was intruded. The curve shows a variety of peaks that occur between
0.01 and 100 µm. This pore-throat size classification determined from the incremental
intrusion curve from Doveton (1995). The incremental intrusion peaks for sample 6608’
are 0.042 µm and 0.083 µm under nano-size, 0.91 µm and 1.42 µm under meso-size, 3.43
µm and 6.65 µm under macro-size, 10.49 µm and 16.34 µm under mega-size (Plate 1C),
which suggests that the pore-throats are varied (multimodal). Similar to the PIA results, a
RSD for the pore-throat size was obtained by dividing standard deviation with average of
the pore-throat radius. Table 1C provides information of average pore-throat radius,
standard deviation and the RSD.
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Table 1A. Range of crystal size and the average of crystal size of the Bioherm facies
Depositional Facies
Assemblages

Range of Crystal Average Crystal Average Crystal
Size (µm)
Size (µm)
Size (µm2 )
42.92 - 68.55
57.99
3,482

Lithofacies

Skeletal Wackestone
Bioherm
Skeletal Bioherm Toe
56.33 - 119.71
91.35
9,036
Grainstone
Note: Average crystal size area (µm2) was taken from individual samples present in each lithofacies that was converted from
crystal diameter (µm)

Table 1B. PIA results of the Bioherm facies representative samples
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Sample
Footage

Well

Depositional
Facies
Assemblages

Lithofacies

6674

St. K 1-22

Bioherm

Skeletal Wackestone

8

53

38

Micro

13540

48919

3.6

6751

St. K 2-22

Bioherm

Skeletal Bioherm Toe
Grainstone

1

33

65

Macro

65923

325592

4.9

Standard
%
%
% Dominant Average Pore
RSD
2
Micro Meso Macro Pore Size Size (µm ) Deviation (µm2)

Table 1C. MICP result of the Bioherm facies
Sample
Footage

Well

Depositional Facies
Assemblages

Lithofacies

Dominant
Pore Size

Average PoreThroat Size
(µm)

Standard
Deviation
(µm)

RSD

6608

St. K 1-22

Bioherm

Skeletal Wackestone

Meso

4.65

5.75

1.24

Note: I.A porosity
refers to as Image
Analysis porosity
and C.A refers to
as Core Analysis

St. Kalkaska 1-22
C.A Porosity: 4.1 %
I.A Porosity: 0.9 %
C.A Permeability: 0.6 mD

6674’

St. Kalkaska 2-22
6751’
C.A Porosity: 8.82 %
I.A Permeability: 11.78 %
C.A Permeability: 12.51 mD

Plate 1A: Bioherm facies representative
thin sections
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Plate 1B: Percent pore area chats represent dominant pore size from the
skeletal wackestone lithofacies (sample 6674’) and the skeletal bioherm toe
grainstone lithofacies (sample 6751’)
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Plate 1C: Cumulative and incremental intrusion curves of MICP from the skeletal wackestone lithofacies
(sample 6608’)

Reef Core
General descriptions: The reef core facies assemblage is characterized by an
abundance of tabulate coral fragments. The reef core facies assemblage includes two
main lithofacies: the skeletal wackestone and the coral boundstone. Both the skeletal
wackestone and the coral boundstone lithofacies in general are grey to tan, fine-tomedium crystalline dolomite with an abundance of coral fragments. The matrix from both
lithofacies cannot be distinguished by simply observing the core and thin section because
the matrix is ubiquitously altered to crystalline dolomite. However, fabrics are referred to
here for both the skeletal wackestone and the coral boundstone lithofacies as relating to
the size of the dolomite crystals within the matrix and the larger skeletal components.
Muddy fabrics are more dominant in the skeletal wackestone lithofacies whereas grainy
fabrics are more dominant in the coral boundstone lithofacies. The skeletal wackestone
lithofacies has a lower crystal size range and average crystal size than the coral
boundstone lithofacies which is mainly composed of grainy fabric (Table 2A). The
majority of crystals from both lithofacies is unimodal and exhibit planar euhedral
structures, although some samples have polymodal crystal size with planar subhedral
structure. Other typical characteristics of the reef core facies are the abundance of
stromatactics and stromatoporoids throughout the reef core intervals.
The core analysis porosity and permeability range from both the skeletal
wackestone and the coral boundstone lithofacies in the State Kalkaska #1-21, the State
Kalkaska #1-22 and the State Kalkaska #6-22B is 0.7 – 26% and <0.1 – 396 mD.
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Pore types distributions: 35 samples from the coral boundstone and the skeletal
wackestone lithofacies were analyzed. The most common pore types found in these
lithofacies are touching vug and separate vug pore types (Figure 20). Touching vug
pore types are mostly abundant in the coral boundstone lithofacies interval. Touching
vug pore types observed in cores and thin sections are associated with micro-fractures
and large connected pores from dissolution of coral skeletal fragments. Separate vug pore
types present in the coral boundstone and the skeletal wackestone lithofacies are
classified as growth-framework, vug and moldic pore types (Choquette and Pray, 1970).
Growth-framework pore types found in the coral boundstone lithofacies are recognized
in cores as these pore types are created by dissolution within the coral fragments (see
Figure 19, A and B). Vuggy pore types are present in both lithofacies and are
characterized as pores which have an irregular shape and commonly exist within the
matrix. Moldic pore types are characterized by the pore types that resulted from the
dissolution of reef-dweller organisms, such as brachiopods and crinoids.
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B

A

Core depth: 6701’

Core depth: 6741’

C

Core depth: 6646.3’
Figure 19. A) Skeletal wackestone lithofacies with a tabulate coral fragment from
the State Kalkaska #1-21 well. B) Coral boundstone lithofacies from the State
Kalkaska #6-22B well. C) Small coral clasts from coral boundstone lithofacies with
fossilized finger-like tabulate corals from the State Kalkaska #1-21 well
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B

A

C

Figure 20. Typical pore types from the reef core facies assemblages. A) Intercrystalline
pore types from the State Kalkaska 6-22B well at 6565’ in the reef dweller interval (scale
bar at 800 µm). B) Touching vug pore types from the State Kalkaska 6-22B well at 6697’
showing fracture (scale bar at 700 µm). C) Separate vug (moldic) pore types from the
State Kalkaska #1-21 at 6684’ showing the pores from the remain coral fragments (scale
bar at 800 µm)

Dominant pore size: Pore sizes were measured using PIA for 27 samples from the
skeletal wackestone lithofacies and nine samples from the coral boundstone lithofacies.
Sample 6639’ from the State Kalkaska #6-22B well is a representative sample from the
skeletal wackestone lithofacies and contains a muddy fabric (Plate 2A). Sample 6655.5’
from the State Kalkaska #1-21 well is a representative sample from the coral boundstone
lithofacies and contains a grainy fabric (see Plate 2A). The majority of samples from the

56

skeletal wackestone and the coral boundstone lithofacies are dominated by mesopores
and macropores. Only two samples are dominated by micropores, samples 6705’ and
6657’ (see Table 12 in Appendix A). Both sample 6639’ and sample 6655.5’ have
macropores as the dominant pore size with separate vug (sample 6639’) and touching
vug (sample 6655.5’) as dominant pore types. The total macropore percent pore area,
including small, medium, large and extra-large macropores is higher than the total
percentages of mesopores and micropores. The results show 69% macropores for sample
6639’ and 70% macropores for sample 6655.5’ (see Plate 2B).
Pore size distributions: A qualitative observation using high-powered microscopy
(at 25x magnification) reveals that the pores in samples 6639’ and 6655.5’ have a patchy
pore size distribution. Table 2B provides information on average pore size (µm2),
standard deviation (µm2) and RSD for both samples. The RSD of the skeletal wackestone
lithofacies (sample 6639’) is slightly lower than the coral boundstone lithofacies (sample
6655.5’) due to having a lower percentage of macropores. However, this is not always the
case in other samples. Some mesopores-dominated samples have a higher RSD than
macropores-dominated samples. The reason for this is that pore sizes are more varied
(multimodal) in mesopores-dominated samples that result in higher RSD. In addition, the
RSD indicates both the pore size distributions and macropore percentages. Overall, in
comparison with the sample from the bioherm facies assemblages, sample 6639’ and
sample 6655.5’ have higher RSD values than the mesopores-dominated sample from the
skeletal wackestone lithofacies taken from the bioherm facies assemblages.
Pore-throat size distributions: Two samples taken from the coral boundstone and
the skeletal wackestone lithofacies were analyzed with MICP. Sample 6684’ from the
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State Kalkaska #1-21 well and sample 6549.5’ from the State Kalkaska #1-22 were
chosen for MICP analysis. Similar to the bioherm, incremental intrusions in sample 6684’
and sample 6549.5’ shows multiple peaks or modes. Sample 6684’ has peaks at 0.027 µm
(nano-size), 0.37 µm (micro-size), 1.41 µm (meso-size), 2.268 µm and 5.24 µm (macrosize) and 20.36 µm (mega-size). Sample 6549.5’ shows a similar trend with sample
6684’. The first highest peaks in sample 6549.5’ are observed at 0.017 µm, 0.027 µm and
0.042 µm under nano-size, 0.1 µm and 0.37 µm under micro-size and 1.77 µm under
meso-size. The second highest peak is observed at 20.36 µm under mega-size. From the
incremental intrusion peaks observation, sample 6684’ and sample 6549.5’ still shows a
wide diversity of pore-throat sizes (non-uniform distribution), similar to sample from the
bioherm. Statistics of pore-throat size for both samples are display in Table 2C. The
average value of RSD in the reef core (obtained from RSD of sample 6684’ and sample
6549.5’) is similar but slightly higher than the average bioherm RSD.
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Table 2A. Range of crystal size and the average of crystal size of the Reef facies

Range of Crystal Average Crystal Average Crystal
2
Size (µm)
Size (µm)
Size (µm )

Depositional Facies
Assemblages

Lithofacies

Reef Core

Skeletal Wackestone
Coral Boundstone

43.18 - 167.06
74.86 - 181.20

96.30
122.51

10,416
16,108

Table 2B. PIA results of the Reef Core facies representative samples
Sample
Footage

Well
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6639 St. K 6-22B
6655.5 St. K 1-21

Depositional
Facies
Assemblages

Lithofacies

Reef Core
Reef Core

Skeletal Wackestone
Coral Boundstone

Standard
%
%
% Dominant Average Pore
RSD
2
Micro Meso Macro Pore Size Size (µm ) Deviation (µm2)
2
1

29
29

69
70

Macro
Macro

42303
69874

207749
606756

4.9
8.7

Table 2C. MICP result of the Reef Core facies
Sample
Footage

Well

6684 St. K 1-21
6549.5 St. K 1-22

Depositional Facies
Assemblages

Lithofacies

Reef Core
Reef Core

Coral Boundstone
Skeletal Wackestone

Dominant
Pore Size

Meso
Macro
Average

Average Pore- Standard
Throat Size Deviation
(µm)
(µm)
2.32
2.73
11.14
17.86
6.73
10.295

RSD
1.18
1.60
1.39

St. Kalkaska 6-22B
C.A Porosity: 13.9 %
I.A Porosity: 5.85 %
C.A Permeability: 75 mD

St. Kalkaska 1-21
C.A Porosity: 20.55 %
I.A Porosity: 18.26 %
C.A Permeability: 91.5 mD

6639’

6655.5’

Plate 2A: Reef core facies representative
thin sections
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Plate 2B: Percent pore area chats represent dominant pore size from the
skeletal wackestone lithofacies (sample 6639’) and the coral boundstone
lithofacies (sample 6655.5’)
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Plate 2C: Cumulative and incremental intrusion curves of MICP from the coral boundstone lithofacies (sample
6684’) and the skeletal wackestone lithofacies (sample 6549.5’)

Reef Apron
General descriptions: The reef apron facies assemblages were deposited adjacent
to and overlying the reef core (Figure 16). The reef apron consists primarily of the
skeletal grainstone lithofacies (Figure 21). This lithofacies is dark grey, fine-to-medium
crystalline dolomite and contains grainy fabrics. The crystal size range and average
crystal size in this lithofacies are displayed in Table 3A. Observations within individual
samples suggest that the skeletal grainstone lithofacies has a unimodal grain size, with
crystals dominated by planar euhedral structure. Some samples in this lithofacies have
polymodal crystal size and planar subhedral structure. The presence of typical reef
builder and reef dweller components, i.e., corals, crinoids and brachiopods, are less
abundant in this facies. An important contact between dolomite (bottom portion) and
limestone (upper portion) is observed in the State Kalkaska #1-21 well at the boundary
between high (predominantly dolomite) and poor (predominantly limestone) reservoir
quality (Figures 22 and 23). This transition is also marked by a change in texture (graindominated to mud-dominated) and an increase in the gamma ray log.
The State Kalkaska #2-22 well contains a different type of reef apron. This reef
apron is called a distal reef apron due to the observation that it was deposited in the
windward talus setting (Figure 16). The characteristics of the distal reef apron grainstone
lithofacies have slightly finer crystalline dolomite and an abundance of reef detritus
materials such as corals and crinoids. The distal reef apron grainstone lithofacies has a
similar average crystal size to the skeletal grainstone lithofacies (Table 3A). Dolomite
crystals in this lithofacies also tend to be unimodal with planar euhedral structure. This
distal reef apron from the State Kalkaska #2-22 has the lithofacies very similar to the
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other reef apron facies and is commonly preserved below the reef-rubble conglomerate
facies assemblages. The distal reef apron lithofacies is observed within the reef-rubble
conglomerate facies in the State Kalkaska #2-22 due to inter-fingering with the reefrubble conglomerate.
Core analysis from both dolomitized lithofacies (skeletal grainstone and distal
reef apron grainstone lithofacies) show a porosity and permeability range from 1.2 –
29% and <0.01 – 380 mD. High permeability above 100 mD apparently results from the
fractures that are common in this facies. The reef apron limestone from the State
Kalkaska #1-21 records core analysis porosity and permeability from 0.5 – 9.9% and
<0.1 – 4 mD, which is significantly lower than core analysis porosity and permeability
from the dolomitized reef apron (Figure 23). The State Kalkaska #3-28, which also
consists primarily of limestone, shows a core analysis porosity and permeability in the
range of 0.5 – 9.9% and <0.1 – 8.4 mD. Some intervals from the State Kalkaska #3-28
contain core analysis permeability of 19 and 35.7 mD and are due to the presence of large
voids.
Pore types distributions: 21 thin sections were analyzed from the skeletal
grainstone lithofacies from the leeward proximal reef apron (State Kalkaska #1-21 and
State Kalkaska #6-22B well), the reef core complex (State Kalkaska #1-22 well) and four
thin sections from the distal reef apron grainstone lithofacies (State Kalkaska #2-22 well)
[Figure 16]. The skeletal grainstone lithofacies has separate vug and touching vug as
the dominant pore types. Vugs are distinct in cores and thin sections. The majority of the
vuggy pores observed in cores and thin sections do not mimic the shape of skeletal
fragments, and therefore are not moldic pore types (Figure 24). Touching vug pore type is
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also distinct in cores and thin sections. Touching vug pore types in the reef apron are
commonly associated with fractures and connected vuggy pores. Connected vuggy pore
types are present from the porous grainstone intervals from the State Kalkaska #1-21
well. The dominant pore types in distal reef apron grainstone lithofacies from the State
Kalkaska #2-22 is intercrystalline (Figure 24). Vuggy pore type is less common
compared to intercrystalline (micro-and meso) pore type (Plate 3B).

Core depth: 6720.5’

Core depth: 6593’

Figure 21. Skeletal grainstone lithofacies (L) from the State Kalkaska #1-21 and muddominated packstone lithofacies from the State Kalkaska #3-28 well (R)

epth: 6517’
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Figure 22. Log profile of the State Kalkaska #1-21. Notice the Gamma-ray log
increases above the contact in the reef apron facies

Figure 23. Core analysis porosity and permeability plot of this reef apron facies
interval from the State Kalkaska #1-21. Notice that high reservoir quality exists in
the dolomitized portion of this facies as indicated by having a high porosity and
permeability than in the limestone portion of the facies
66

Figure 24. Intercrystalline pore types (L) from the State Kalkaska #1-21 at 6554’
showing connected pores (scale bar at 0.7 mm/700 µm) and vuggy pore types (R)
from the State Kalkaska #6-22B at 6460’ (scale bar at 800 µm)

Dominant pore size: 20 samples from the skeletal grainstone lithofacies and four
samples from the distal reef apron lithofacies were conducted for the PIA. Samples from
the reef apron facies assemblages have dominant pore size in mesopores to macropores.
One sample from the skeletal grainstone lithofacies and two samples from the distal reef
apron grainstone lithofacies have dominant pore size in micropores, samples 6564’,
6678’ and 6665.8’ (see Appendix A). One representative sample from the skeletal
grainstone lithofacies and one representative sample from the distal reef apron lithofacies
are displayed in Plate 3A. Sample 6572’ is dominated by large separate vug macropores,
with extra-large macropores making up 35%, and 59% of the pores (total of macropores),
higher than any other pore size classes (see Plate 3B). Sample 6713.5’ from the distal
reef apron grainstone lithofacies shows is more dominated by mesopores and consists of
separate vug pore types (see Plate 3B). Extra-large macropores percentage is absent in
this sample. The PIA result for the remaining samples from the skeletal grainstone and
the distal reef apron grainstone lithofacies is available in Appendix A and B.

67

Pore size distributions: Table 2B shows an average of pore sizes, standard
deviation and RSD for samples 6572’ and 6713.5’. Sample 6572’ has a patchy pore size
distribution whereas sample 6713.5’ has a more uniform pore size distribution. The RSD
comparison between two samples shows that sample 6713.5’ has a smaller pore size
distribution than sample 6572’. The average RSD for the reef apron samples is observed
to be smaller than average RSD of the bioherm and the reef core.
Pore-throat size distributions: MICP analyses were conducted from three skeletal
grainstone lithofacies samples. In two samples (sample 6572’ and sample 6598.75’) the
dominant pore size is macropores. One sample (sample 6564’) has a dominant pore size
of micropores. The reason this micropore-dominated sample was tested for MICP
analysis are, first, is to compare with the pore-throat size distribution from other facies,
such as stromatolite-rubble conglomerate facies assemblages, that is dominated by
micropores. Second, is to observe whether this sample with micropore-dominated pore
size from the reef apron has a multimodal pore-throat size distribution. Incremental
intrusion curves (Plate 3C) reveal that most of mercury intrusion occurs at macro to
mega-size pore-throats, indicate by appropriate peaks in sample 6572’ and sample
6598.75’. The pore-throat size distribution ranges from macro-size: 3.43 µm, 6.63 µm
and 8.31 µm, to mega-size: 13.12 µm, 20.35 µm, 25.61 µm, 39.97 µm and 79. 64 µm.
Sample 6564’ however, shows incremental intrusion peaks concentrated only at macrosize: 2.25 µm, 3.43 µm and 8.31 µm. Average pore-throat size, standard deviation and
RSD in sample 6572’ and sample 6598.75’ is higher than sample 6564’ (Table 3C). This
proves that micropore-dominated sample (sample 6564’) has better sorting of pore throats
than macropore-dominated samples (sample 6572’ and 6598.75’). In addition, the
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average RSD for all of these samples is relatively low, indicating better sorting of pore
throats than pore throats in the bioherm and the reef core.
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Table 3A. Range of crystal size and the average of crystal size of the Reef Apron facies

Depositional Facies
Assemblages

Lithofacies

Reef Apron

Skeletal Grainstone
Distal Reef Apron Grainstone

Range of Crystal Average Crystal Average Crystal
Size (µm)
Size (µm)
Size (µm2)
40.62 - 185
118.41
15,018
88.65 - 149.66
115.71
13,875

Table 3B. PIA results of the Reef Apron facies representative samples
Sample
Footage

Well

Depositional
Facies
Assemblages

Standard
%
%
% Dominant Average Pore
RSD
2
Micro Meso Macro Pore Size Size (µm ) Deviation (µm2)

Lithofacies
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6572 St. K 1-21
Reef Apron
Skeletal Grainstone
6713.5 St. K 2-22 Distal Reef Apron Distal Reef Apron Grainstone

2
3

39
73

59
24

Macro
Meso

44848
26181

290232
71874

6.5
2.7

Table 3C. MICP results of the Reef Apron facies
Sample
Footage

Well

6598.8 St. K 1-21
6572 St. K 1-21
6594 St. K 1-21

Depositional Facies
Assemblages

Lithofacies

Reef Apron
Reef Apron
Reef Apron

Skeletal Grainstone
Skeletal Grainstone
Skeletal Grainstone

Dominant
Pore Size

Macro
Macro
Micro
Average

Average Pore- Standard
Throat Size Deviation
(µm)
(µm)
17.33
18.36
21.81
21.38
4.68
3.12
14.61
14.29

RSD
1.05
0.98
0.66
0.90

St. Kalkaska 1-21
C.A Porosity: 17.4 %
I.A Porosity: 12.5 %
C.A Permeability: 92.5 mD

6572’

St. Kalkaska 2-22
6713.5’
C.A Porosity: 11.6%
I.A Porosity: 12.90%
C.A Permeability: 46.22 mD

Plate 3A: Reef apron representative
thin sections
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Plate 3B: Percent pore area chats represent dominant pore size from the
skeletal grainstone lithofacies (sample 6572’) and distal reef apron
grainstone lithofacies (sample 6713.5’)
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Plate 3C: Cumulative and incremental intrusion curves of MICP from the skeletal grainstone lithofacies
(samples 6572’, 6598.75’ and 6564’)

Reef-Rubble Conglomerate
General descriptions: The reef-rubble conglomerate facies assemblages is
deposited above and inter-fingers with the distal reef apron in the windward reef talus
setting from the State Kalkaska #2-22 well (see Figure 16). The reef-rubble conglomerate
consists of two main lithofacies: the coarse lithoclastic conglomerate and the skeletal
intraclastic conglomerate. These lithofacies in general are grey, consists of fine
crystalline dolomite with an abundance of crinoids and brachiopods. Salt plugging was
observed in micro-fractures. The coarse lithoclastic conglomerate lithofacies has consists
of large angular clasts in micritic matrix as is suggested by dark grey color of this
lithofacies (Figure 25). The crystal size range and average crystal size in the coarse
lithoclastic conglomerate are display in Table 4A.
The skeletal intraclastic conglomerate lithofacies is characterized as fine-tomedium crystalline dolomite and consists of corals, crinoids and brachiopods clasts. The
crystal size range and average crystal size in the skeletal intraclastic conglomerate
lithofacies are slightly lower than the coarse lithoclastic conglomerate lithofacies. Both
lithofacies are dominated by grainy fabric with the majority of crystals is unimodal and
planar subhedral in outline. Core analysis porosity and permeability range from the
coarse lithoclastic conglomerate is 4.3 – 10.5% and 0.2 – 10.2 mD. Core analysis
porosity and permeability range from the skeletal intraclastic conglomerate is 3.9 – 8.9%
and 0.3 – 7.6 mD.
Pore types distributions: Pore types were observed from two skeletal intraclastic
conglomerate lithofacies samples and three coarse lithoclastic conglomerate lithofacies
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samples. The common pore types present in both lithofacies samples are intercrystalline,
separate vug and moldic pore types. Intercrystalline pore type in this facies of smaller
size compared to intercrystalline pore type found in the reef core and the reef apron facies
(Figure 26). Intercrystalline pore types from the coarse lithoclastic conglomerate
lithofacies are intercrystalline. Vuggy pore types were also observed to be irregular in
shape, similar to the reef apron facies (Figure 26). The presences of moldic pore types in
both lithofacies include pores that mimic the skeletal fragments such as crinoids and
corals.

Core depth: 6686’

Core depth: 6680’

Figure 25. Coarse lithoclastic conglomerate lithofacies (L) and skeletal intraclastic
conglomerate with coral clast (R) from the State Kalkaska 2-22
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Figure 26. Typical pore types of the reef-rubble conglomerate from the State Kalkaska
#2-22 well. Intercrystalline pore types observed in sample 6694’ (L) from the coarse
lithoclastic conglomerate lithofacies and separate vug pore types observed in sample
6708’ (R) from the skeletal intraclastic conglomerate lithofacies. All scale bars are at
800 µm

Dominant pore size: Two samples from the skeletal intraclastic conglomerate
lithofacies and three samples from the coarse lithoclastic conglomerate lithofacies were
used for the PIA. Sample 6708’ is a representative sample of the skeletal intraclastic
conglomerate lithofacies and sample 6694’ is a representative sample of the coarse
lithoclastic conglomerate lithofacies. Sample 6708’ consists of grainy fabric and is
dominated by mesopores with separate vug pore type. Mesopores make up 58% of the
pores in this sample (Table 4B). Macropores comprise 39% of pores in sample 6708’.
Significant macropores in sample 6708’ results in a more a patchy pore distribution.
Sample 6694’ has a muddy fabric with a dominant pore size of micropores and the
dominant pore type is intercrystalline. The micropore percentage of 8% classifies this
sample as a micropore-dominant sample. 18% of the pores are macropores, but this
sample is dominated by micropores and mesopores. A qualitative observation of this
sample also indicates that the pore sizes are more uniform.
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Pore size distributions: Sample 6708’ from the skeletal intraclastic conglomerate
lithofacies has a higher average pore size and standard deviation than sample 6694’ from
the coarse lithoclastic conglomerate lithofacies. Sample 6708’ has a higher RSD than
sample 6694’. The abundance of dissolved skeletal fragments observed in sample 6708’
suggests that this sample has a more patchy pore size distribution and higher RSD value
than sample 6694’. In contrast with sample 6708’, a qualitative observation reveals the
pore size for sample 6694’ is more uniform. In addition, the average of RSD for samples
from the reef-rubble conglomerate facies assemblages (dominantly microporosity) is
lower than the average RSD from the bioherm, the reef core and the reef apron which
consists predominantly of mesopores and macropores (refer to Tables 1C, 2C and 3C).
Pore-throat size distribution: MICP analysis was conducted on sample 6708’ and
is a representative sample for the skeletal intraclastic conglomerate lithofacies.
Incremental intrusion from this sample shows that most of mercury was intruded at 0.027
µm in nano-size, 1.72 µm in meso-size and some intrusions at 4.20 µm, 8.14 µm and
12.85 µm occurs at less than macro-size (see Plate 4C). This sample exhibits a bimodal
distribution of pore-throat size: as the first prominent intrusion peak occurs at 0.027 µm,
while smaller peaks on the intrusion curves occur at 1.73 µm, 4.20 µm, 8.14 µm and
12.85 µm. The average of pore-throat size, standard deviation and RSD for sample 6708’
is displayed in Table 4C.
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Table 4A. Range of crystal size and the average of crystal size of the Reef-Rubble Conglomerate facies

Range of Crystal Average Crystal Average Crystal
2
Size (µm)
Size (µm)
Size (µm )

Depositional Facies
Assemblages

Lithofacies

Reef-Rubble
Conglomerate

Coarse Lithoclastic
Conglomerate
Skeletal Intraclastic
Conglomerate

91.72 - 119.04

106.64

11,499

69.44 - 101.35

85.40

7,547

Table 4B. PIA results of the Reef-Rubble Conglomerate facies representative samples
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Sample
Footage

Well

Depositional
Facies
Assemblages

Lithofacies

6708

St. K 2-22

Reef-Rubble
Conglomerate

Skeletal Intraclastic
Conglomerate

3

58

39

Meso

31026

139053

4.5

6694

St. K 2-22

Reef-Rubble
Conglomerate

Coarse Lithoclastic
Conglomerate

8

74

18

Micro

14057

32793

2.3

Standard
%
%
% Dominant Average Pore
RSD
2
Micro Meso Macro Pore Size Size (µm ) Deviation (µm2)

Table 4C. MICP result of the Reef-Rubble Conglomerate facies
Sample
Footage
6708

Well

Depositional Facies
Assemblages

Lithofacies

Dominant
Pore Size

St. K 2-22

Reef-Rubble
Conglomerate

Skeletal Intraclastic
Conglomerate

Meso

Average Pore- Standard
Throat Size Deviation
(µm)
(µm)
7.83

19.84

RSD

2.5

St. Kalkaska 2-22
6708’
C.A Porosity: 5.7%
I.A Porosity: 8.83 %
C.A Permeability: 3.5 mD

St. Kalkaska 2-22
6694’
C.A Porosity: 8.9 %
I.A Porosity: 1.59 %
C.A Permeability: 8.6 mD

Plate 4A: Reef-rubble conglomerate representative
thin sections
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Plate 4B: Percent pore area chats represent dominant pore size from the
skeletal intraclastic conglomerate lithofacies (sample 6708’) and the coarse
lithoclastic conglomerate lithofacies (sample 6694’)
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Plate 4C: Cumulative and incremental intrusion curves of MICP from the skeletal intraclastic conglomerate
lithofacies (sample 6708’)

Supratidal Island Stage
General descriptions: The supratidal island stage facies assemblages are present
in most of the studied cores. The supratidal island stage in the reef core complex and
leeward proximal reef apron setting (refer to Figure 16) such as the State Kalkaska #1-21,
State Kalkaska #6-22B and the State Kalkaska #1-22 well, consists of a single lithofacies:
algal stromatolitic cap mudstone. This lithofacies comprises of tan, very fine crystalline
dolomite with the abundance of algal stromatolites (Figure 27). The stromatolite rubble
conglomerate facies that is located in the windward talus setting (Figure 16) from the
State Kalkaska #2-22 well is part of the Supratidal Island Stage and contain a single
lithofacies, the stromatolitic intraclastic conglomerate. This lithofacies is also observed
from the State Kalkaska #6-22B. The stromatolitic intraclastic conglomerate is dark
grey, fine crystalline dolomite with mottled texture and consists of algal stromatolite
clasts (Figure 27). The crystal size range and average crystal size from all samples is
display in Table 5A. In addition, the stromatolitic intraclastic conglomerate lithofacies
has unimodal and planar euhedral crystal structure.
Core analysis porosity and permeability in the algal stromatolitic cap mudstone
lithofacies from the State Kalkaska #1-21 and State Kalkaska #6-22B is 0.5 – 6% and
<0.1 – 2.7 mD. This low porosity and permeability range indicates that the algal
stromatolitic cap mudstone lithofacies is not a reservoir facies interval. Core analysis
porosity and permeability of the stromatolite rubble conglomerate facies from the State
Kalkaska #6-22B and the State Kalkaska #2-22 well has a higher range from 4 – 15.5%
in porosity and <0.1 – 36.5 mD permeability.
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Pore types distributions: Pore types are observed only from the stromatolitic
intraclastic conglomerate lithofacies from the State Kalkaska #2-22 (nine samples) and
the State Kalkaska #6-22B well (one sample). Observation using high-powered
microscopy shows that pore types are dominated by intercrystalline (microcrystalline)
porosity (Figure 28). Separate vug pore types are present in this lithofacies but are
uncommon.

Core depth: 6394’
Core depth: 6640’
Figure 27. Stromatolite-rubble conglomerate from the State Kalkaska #2-22
(windward reef talus setting) (L) and algal stromatolitic cap mudstone from the
State #6-22B (leeward proximal reef apron setting) (R)
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Figure 28. Stromatolite-rubble conglomerate facies pore types from the State
Kalkaska #2-22 well. This facies consists of microcrystalline, observed from samples
6661’ (L) and 6633’ (R). All scale bars are at 800 µm

Dominant pore size: Nine samples from the State Kalkaska #2-22 and one sample
from the State Kalkaska #6-22B well were analyzed. All samples from the stromatolitic
intraclastic conglomerate lithofacies are dominated by micropores and consist of grainy
fabrics. Representative samples are on display in Plate 5A, and include samples 6661’
and 6643’. Sample 6661’ is dominated by intercrystalline micropores with micropores
making up to 12% of the porosity. Macropores are absent in this sample (see Plate 5B).
Similarly, with sample 6643’ the dominant pore size is intercrystalline micropores at
16% of the total porosity. However, with low percentage of small macropores (4%) in
sample 6643’, the pore size is still dominated by micropores.
Pore size distributions: The stromatolitic intraclastic conglomerate lithofacies
samples have the lowest RSD amongst other lithofacies. Samples from this lithofacies are
also observed to have a uniform pore size distribution. Table 5B shows pore size statistics
from sample 6661’ and sample 6643’. Notice that the standard deviations and the RSD
are increased between sample 6661’ and sample 6643’. This increase in RSD between
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sample 6661’ and sample 6643’ is due to the presence of macropores in sample 6643’. In
addition, similar with the reef-rubble conglomerate facies assemblages, the average of
RSD for samples from the stromatolite-rubble conglomerate facies assemblages is
smaller than the bioherm, the reef core and the reef apron.
Pore-throat size distribution: One sample from the State Kalkaska #2-22 was
characterized using MICP data. The incremental intrusion curve in sample 6661’ shows a
single peak at 2.289 µm at macro-size. This curve suggests that pore-throat size for this
sample is very unimodal/uniform (see Plate 5C). Sample 6661’ has the lowest RSD value
amongst other samples from different facies that were conducted in MICP analysis (Table
5C). This proves that the lowest RSD value is observed from the sample with the most
uniform pore-throat size distribution.
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Table 5A. Range of crystal size and the average of crystal size of the Stromatolite-Rubble Conglomerate facies
Range of Crystal Average Crystal Average Crystal
Size (µm)
Size (µm)
Size (µm2)

Depositional Facies
Assemblages

Lithofacies

Stromatolite-Rubble
Conglomerate

Stromatolitic Intraclastic
Conglomerate

85.31 - 156.26

120.89

15,134

Table 5B. PIA results of the Stromatolite-Rubble Conglomerate facies representative samples
Standard
%
%
% Dominant Average Pore
RSD
2
Micro Meso Macro Pore Size Size (µm ) Deviation (µm2)

Well

Depositional Facies
Assemblages

Lithofacies

6661

St. K 2-22

Stromatolite-Rubble
Conglomerate

Stromatolitic Intraclastic
Conglomerate

12

88

0

Micro

9007

14208

1.6

6643

St. K 2-22

Stromatolite-Rubble
Conglomerate

Stromatolitic Intraclastic
Conglomerate

16

81

4

Micro

7527

14547

1.9

86

Sample
Footage

Table 5C. MICP result of the Stromatolite-Rubble Conglomerate facies

Sample
Footage
6661

Well

Depositional Facies
Assemblages

Stromatolite-Rubble
St. K 2-22
Conglomerate

Lithofacies

Dominant
Pore Size

Stromatolitic
Intraclastic
Conglomerate

Micro

Average Pore- Standard
Throat Size Deviation
(µm)
(µm)
1.98

1.08

RSD

0.5

St. Kalkaska 2-22
C.A Porosity: 12.1%
I.A Porosity: 2.27 %
C.A Permeability: 8.7mD

6661’

St. Kalkaska 2-22
6643’
C.A Porosity: 13.2%
I.A Porosity: 1.82 %
C.A Permeability: 36.5 mD

Plate 5A: Supratidal Island Stage facies (stromatoliterubble conglomerate facies) representative thin
sections
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Plate 5B: Percent pore area chats represent dominant pore size from the
stromatolitic intraclastic conglomerate lithofacies (samples 6661’ and
6643’)
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Plate 5C: Cumulative and incremental intrusion curves of MICP from the stromatolitic intraclastic
conglomerate lithofacies (sample 6661’)

Lower Salina Group
A-0 Carbonate
General descriptions: The A-0 Carbonate facies is the basal unit of the Lower
Salina Group. The A-0 Carbonate grainstone lithofacies is brown, fine-to-medium
crystalline dolomite with inclined laminations. The crystal size range and average crystal
size in this lithofacies is on display in Table 6A. The A-0 Carbonate grainstone
lithofacies consists of unimodal size - with planar subhedral crystal structure. Fossils are
scarce in this facies. The State Kalkaska #3-22 well is the only core in this study that
contains this facies and is located in the windward flank setting (Figure 16). A grain flow
depositional mechanisms is interpreted from inclined bedding laminations of about 20⁰
(Figure 29). This inclination and other considerations indicate the A-0 Carbonate was
deposited in the windward flank setting (Figure 16). Core analysis porosity and
permeability from the State Kalkaska #3-22 in the A-0 Carbonate grainstone lithofacies
has a range from 0.2 – 11.4% and 0.1 – 11.3 mD.
Pore types distribution: The A-0 Carbonate facies found in the State Kalkaska #322 has a thickness of 40 feet. The characteristics of A-0 Carbonate deposits throughout
these 40 feet of thickness are homogeneous. Therefore, one thin section from this facies
is sufficient to represent the entire A-0 Carbonate facies interval. An observation from
one thin section, sample 6714’, which is considered representative of the windward flank
location, suggests intercrystalline pore types are likely to be the dominant pore types in
the A-0 Carbonate grainstone lithofacies (Figure 30). Separate vug pore types are
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observed in thin section but are not associated with moldic pore types and fossils are
absent.
Dominant pore size: PIA was conducted from sample 6714’ and shows a
dominant pore type of intercrystalline and 87% of this was mesopores. Micropores
comprise 6% of this sample (Plate 6B). The PIA results in Plate 6B also reveal that this
sample contains 4% small macropores and 3% medium macropores.
Pore size distribution: A qualitative observation under high-powered microscopy
reveals that sample 6714’ has a uniform pore size distribution. The PIA result shows an
average pore size of 15,772 µm2 and a standard deviation of 36,366 µm2, which result in
a RSD of 2.30 (Table 6B).
Pore-throat size distribution: MICP analysis was conducted from the sample and
was plotted together with samples from the A-1 Carbonate facies (see Plate 6C).
Incremental intrusions curve from sample 6714’ indicates three distinct peaks at macrosize: 2.26 µm, 2.81 µm and 5.24 µm (Plate 6C). Pore-throat size distribution in this
sample is considered to be a bimodal. This sample has an average pore-throat radius of
2.64 µm and a standard deviation of 2.29, which result in a RSD of 0.87 (Table 6C).
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Core depth: 6694’
Figure 29. A-0 Carbonate core photo from the State Kalkaska #3-22 well shows grain
flow bed incline at 20⁰ angles

Figure 30. Intercrystalline pore types from the A-0 Carbonate facies at 6714’
(scale bar at 800 µm)

A-1 Evaporite
General descriptions: The A-1 Evaporite facies is present in the State Kalkaska
#3-22 well. The A-1 Evaporite is light grey, fine-to-medium crystalline dolomite and
contains abundant nodular anhydrite (Figure 31). Anhydrite cements are observed in thin
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section as well as in core samples from the State Kalkaska #3-22 wells. Halite is absent in
this facies. The A-1 Evaporite has a very low core analysis porosity and permeability due
to the presences of anhydrite cements and hence, this facies is not a reservoir facies. Due
to the absence of much porosity, the PIA and the MICP analysis was not conducted in the
A-1 Evaporite interval.

Figure 31. A-1 Evaporite facies from the State Kalkaska well 3-22
A-1 Carbonate
General descriptions: The A-1 Carbonate observed in studied cores consists of
four lithofacies: the peloidal grainstone, the thrombolite grainstone, the cyanobacterial
mats grainstone and the poker chips mudstone lithofacies. The peloidal grainstone
lithofacies is comprised of light grey, well sorted fine crystalline dolomite and contain
allochems such as pellets (Figure 32, A). This lithofacies has a unimodal size range and is
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dominated by planar subhedral crystal structures. The average crystal size is displayed in
Table 7A. Pellets are visible in thin section (see sample 6593’). The thrombolite
grainstone lithofacies observed in the State Kalkaska #1-22 is dolomitized, although this
lithofacies is deposited within the limestone interval. The thrombolite grainstone
lithofacies consists of poorly sorted fine crystalline dolomite with abundance of
thrombolite clasts (Figure 32, B). The average crystal size from the thrombolite
grainstone lithofacies is displayed in Table 7A and is slightly smaller than other
lithofacies in the A-1 Carbonate. The crystals in this lithofacies tend to be a unimodal
with planar euhedral structure. The cyanobacterial mats grainstone lithofacies comprises
fine-medium crystalline dolomite and rich with algal stromatolite clasts (Figure 32, C).
The crystal size range and average crystal size range is also displayed in Table 7A. The
cyanobacterial mats grainstone lithofacies has unimodal crystal size and planar euhedral
structure, although some samples have slightly polymodal size distribution. The poker
chip mudstone lithofacies consists of dark brown and very fine thinly laminated shaly
lime mudstone (Figure 32, D). The term poker chip refers to a thin laminations that split
along partings. This lithofacies is a not a reservoir in the Lower Salina Group
The peloidal grainstone lithofacies from the State Kalkaska #3-22 well has a
range of core analysis porosity and permeability from 0.5 – 11.9% and <0.1 – 28 mD.
The dolomitized thrombolite grainstone facies in the State Kalkaska #1-22 well has lower
core analysis porosity and permeability range from 0.9 – 2.5% and <0.1 – 6.1 mD.
Dolomitized cyanobacterial mats grainstone from the State Kalkaska #2-22 well has a
range of core analysis porosity and permeability from 4.3 – 18.4% and 0.5 – 27 mD. A
limestone-dominated, A-1 Carbonate interval in the State Kalkaska #1-22, has a lower
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core analysis porosity and permeability compared to the dolomitized A-1 Carbonate
found in other cores. The limestone cyanobacterial mats grainstone lithofacies from the
State Kalkaska #1-22 well has lower core analysis porosity and permeability range of
0.5 – 1.8% and <0.1 – 6.1 mD. The A-1 Carbonate limestone interval in the State
Kalkaska #1-21 well also has a low range core analysis porosity and permeability, 0.5 –
2.6% and <0.1 – 3 mD. The limestone thrombolite grainstone lithofacies from the State
Kalkaska #3-28 has slightly higher range of core analysis porosity of 0.9 – 10.9% and
permeability of 0.3 – 10.7 mD due to the presence of large vugs. The poker chips
mudstone lithofacies from the State Kalkaska #2-22 and the State Kalkaska #3-22 has a
core analysis porosity and permeability with range from 0.8 – 10.5% and permeability of
<0.1 - 8 mD. The poker chips mudstone lithofacies is not considered a conventional
reservoir in the A-1 Carbonate unit.
Pore types distributions: One sample from the peloidal grainstone lithofacies, one
sample from the thrombolite grainstone lithofacies and seven samples from the
cyanobacterial mats lithofacies were observed using a microscope. The peloidal
grainstone lithofacies is observed to have both intercrystalline and separate vug pore
types. Vuggy pore types are observed between the pellet grains and are not associated
with skeletal fragments (Figure 33, B). The thrombolitic grainstone lithofacies consists
predominantly of touching vug pore types. These touching vugs pore shapes mimic
thrombolite structures (Figure 33, C). The cyanobacterial mats grainstone consists
primarily of intercrystalline pore types (Figure 33, A). Vugs are apparent but not
dominant in this facies. Fenestral pores are also observed in this lithofacies. These pores
form in an alignment parallel to the stromatolitic laminations, which distinct from vugs.
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A

B

Core depth: 6593’
C

Core depth: 6338’
D

A

Core depth: 6593.5’
Core depth: 6606’
Figure 32. A) Peloidal grainstone lithofacies from the State Kalkaska #3-22 well.
B) Thrombolite grainstone lithofacies from the State Kalkaska #1-22. C)
Cyanobacterial mats grainstone lithofacies and D) Poker chip mudstone lithofacies
from the State Kalkaska #2-22
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A

B

C

Figure 33. A) Intercrystalline pore types from the cyanobacterial mats grainstone
lithofacies from the State Kalkaska #2-22 well at 6617’. B) Separate vug pore types
from the peloidal grainstone lithofacies from the State Kalkaska #3-22 well at
6593’. C) Touching vug pore types from the thrombolite grainstone lithofacies from
the State Kalkaska #1-22 well at 6338’. All scale bars are at 800 µm

Dominant pore size: PIA was conducted in one sample from the State Kalkaska
#3-22 well for the peloidal grainstone lithofacies, one sample from the State Kalkaska
#1-22 well for the thrombolite grainstone lithofacies and seven samples from the State
Kalkaska #2-22 well for the cyanobacterial mats lithofacies. One most representative
sample for each lithofacies is display in Plate 6A. Sample 6593’ from the peloidal
grainstone lithofacies is dominated by mesopores and separate vugs. Mesopore
percentage (60%) in this sample is higher than the macropores percentage (35%). Extralarge macropore percentage (15%) was also occurs observed in this sample (Plate 6B).
Overall observation of pore size distribution indicates that sample 6593’ has a patchy
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pore distribution. Sample 6338’ is dominated by macropores and touching vug pore
type. Macropore percentage in this sample is 83% and the highest amongst other pore
size classes (Plate 6B). Due to the fact that this sample consists mostly of dissolved
thrombolite fragments with a similar size, and therefore, the pore size distribution is more
likely to be a uniform. Sample 6605.3’ from the cyanobacterial mats grainstone
lithofacies shows dominant pore type in separate vug and dominant pore size in
mesopore with 67% of mesopores (Plate 6C). Total macropores in this sample has
percent pore area of 29%.
Pore size distributions: Macropore-dominated sample from sample 6338’ has a
higher average pore size and standard deviation than mesopore-dominated samples from
sample 6593’ and sample 6605.3’ (Table 7B). In contrast, sample 6338’ has slightly
lower RSD than sample 6593’ due to having a uniform macropore size. Sample 6605.3’
has lower RSD compared to both sample 6593’ and sample 6338’ due to having lower
average pore size and standard deviation. In addition, the average RSD from all samples
in the A-1 Carbonate facies assemblages is higher than the average RSD from the reefrubble conglomerate and the stromatolite-rubble conglomerate facies assemblages due to
having more dominant pore size in mesopore and macropore.
Pore-throat size distributions: One sample from the peloidal grainstone
lithofacies from the State Kalkaska #3-22 (sample 6593’) and one sample from the
thrombolite grainstone lithofacies from the State Kalkaska #1-22 (sample 6338’)
underwent MICP analysis. Sample 6593’ shows incremental intrusion peaks at 1.78 µm
(meso-size) and 6.65 µm (macro-size). This incremental intrusion peaks at meso and
macro-size represent a bimodal pore-throat distribution. Sample 6338’ has a single
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incremental intrusion peak at 25.56 µm (mega-size). This single intrusion peak at megasize suggests that the pore-throat sizes are uniform and consists predominantly with
larger pore-throat size (refers to macropore size from PIA). Sample 6593’ has a lower
average pore-throat size, standard deviation and RSD compared to sample 6338’ (Table
7C).
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Table 6A. Range of crystal size and the average of crystal size of the A-0 Carbonate facies

Depositional Facies
Assemblages

Lithofacies

A-0 Carbonate

A-0 Carbonate Grainstone

Range of Crystal Average Crystal Average Crystal
Size (µm)
Size (µm)
Size (µm2)
121.28
121.28
14,709

Table 6B. PIA result of the A-0 Carbonate facies representative sample
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Sample
Footage

Well

Depositional
Facies
Assemblages

Lithofacies

6714

St. K 3-22

A-0 Carbonate

A-0 Carbonate
Grainstone

Standard
%
%
% Dominant Average Pore
RSD
2
Micro Meso Macro Pore Size Size (µm ) Deviation (µm2)
6

87

7

Meso

15773

36366

2.3

Table 6C. MICP result of the A-0 Carbonate facies

Sample
Footage
6714

Well

Depositional Facies
Assemblages

Lithofacies

Dominant
Pore Size

St. K 3-22

A-0 Carbonate

A-0 Carbonate Grainstone

Meso

Average Pore- Standard
Throat Size Deviation
(µm)
(µm)
2.64

2.29

RSD
0.9

Table 7A. Range of crystal size and the average of crystal size of the A-1 Carbonate facies

Depositional Facies
Assemblages

Lithofacies

A-1 Carbonate

Thrombolitic Grainstone
Peloidal Grainstone
Cyanobacterial Mats
Grainstone

Range of Crystal Average Crystal Average Crystal
Size (µm)
Size (µm)
Size (µm2 )
78.15
78.15
6,107
101.48
101.48
10,298
85.85 - 159.49

121.47

15,297

Table 7B. PIA results of the A-1 Carbonate facies representative samples
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Sample
Footage

Well

Depositional
Facies
Assemblages

Lithofacies

6593

St. K 3-22

A-1 Carbonate

Peloidal Grainstone

5

60

35

Meso

23084

105577

4.6

6338

St. K 1-22

A-1 Carbonate

0

17

83

Macro

141338

607230

4.3

6605.3 St. K 2-22

A-1 Carbonate

Thrombolite Grainstone
Cyanobacterial Mats
Grainstone

4

67

29

Meso

21481

69888

3.3

Standard
%
%
% Dominant Average Pore
RSD
2
Micro Meso Macro Pore Size Size (µm ) Deviation (µm2)

Table 7C. MICP results of the A-1 Carbonate facies
Sample
Footage
6593
6338

Well

Depositional Facies
Assemblages

Lithofacies

Dominant
Pore Size

St. K 3-22
St. K 1-22

A-1 Carbonate
A-1 Carbonate

Peloidal Grainstone
Thrombolite Grainstone

Meso
Macro

Average Pore- Standard
Throat Size Deviation
(µm)
(µm)
4.64
12.89

2.84
9.78

RSD
0.6
0.8

St. Kalkaska 3-22
6714’
C.A Porosity: 8.5 %
I.A Porosity: 4.66 %
C.A Permeability: 3.8 mD

St. Kalkaska 1-22
6338’
C.A Porosity: 2.2 %
I.A Porosity: 17.34 %
C.A Permeability: 2.2 mD

St. Kalkaska 3-22
C.A Porosity: 11.9%
I.A Porosity: 3.28 %
C.A Permeability: 22.5 mD

6593’

St. Kalkaska 2-22
6605.3’
C.A Porosity: 11.8 %
I.A Porosity: 11.97 %
C.A Permeability: 19.8 mD

Plate 6A: Lower Salina Group (A-0 Carbonate and A-1 Carbonate)
representative thin sections

102

Plate 6B: Percent pore area chats represent dominant pore size from
the A-0 Carbonate grainstone lithofacies (sample 6714’) and the
peloidal grainstone lithofacies of A-1 Carbonate (sample 6593’)
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Plate 6B (continued): Percent pore area chats represent dominant
pore size from the thrombolite grainstone lithofacies (sample 6338’)
and the cyanobacterial mats grainstone lithofacies of A-1 Carbonate
(sample 6605.3’)
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Plate 6C: Cumulative and incremental intrusion curves of MICP from the Lower Salina Group: A-0
Carbonate (sample 6714’) and A-1 Carbonate facies (samples 6593’ and 6338’)

CHAPTER V
DISCUSSIONS

The complexity of Silurian Niagaran – Lower Salina Pinnacle Reef Complex
Reservoir (Reef Reservoir) facies is influenced by both depositional and diagenetic
processes. The presence of many different lithofacies, with various rock types and rock
fabrics is a clear indication of internal Reef Reservoir complexity. This complexity is also
fundamentally influenced by particle size (grain or crystal) in each lithofacies. Primary
carbonate mud-dominated lithofacies, in general, have finer particle/crystal size
compared to primary grain-dominated lithofacies. Particle/grain size in the Reef
Reservoir facies is also affected by diagenesis, especially dolomitization. Dolomitization
has replaced primary calcite particles into dolomite crystals. Resulting dolomite crystal
sizes are in accordance with the dominant primary rock fabric of facies and lithofacies.
The majority of samples with primary muddy fabrics have smaller crystal sizes, whereas
samples with primary grainy fabrics have larger crystal sizes.
Dissolution is an important component of diagenesis in Reef Reservoir and
created the diverse pore types and pore size distributions. The degree of dissolution
controls the diversity and types of pore geometries, especially the amount of vuggy pores,
which leads to either predictable (interparticle and separate vug pore types) or nonpredictable (touching vug pore type) relationships between porosity and permeability. For
example, facies with less dissolution have higher correlations between porosity and
permeability because pore type, pore size and pore-throat size are more uniform. Facies
with high amounts of dissolution and abundant vuggy porosity have lower correlation
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between porosity and permeability because pore type, pore size and pore-throat size are
more variable.
Overall porosity within lithofacies is distinguished in this section as interparticle
(intercrystalline) porosity, separate vug porosity and touching vug porosity, in
accordance with Lucia (1995). The different percentages of porosity types will be shown
to control the degree of correlation between porosity and permeability. A summary
interpretation regarding crystal size, pore types, pore size, pore-throat size and their
effects on porosity to permeability relationships for the different depositional facies and
lithofacies within a composite Niagaran-Lower Salina reef complex in the Kalkaska-21
Field is presented in Tables 8 and 9 as well as represented in Figure 34.
Table 8. A summary of MICP results from each depositional facies assemblages
No. of
Sample
2
1

Average Pore- Standard
Facies Assemblages
Lithofacies
throat Size
Deviation
(µm)
(µm)
Thrombolite Grainstone
12.9
9.8
A-1 Carbonate
Peloidal Grainstone
4.6
2.8
A-0 Carbonate
A-0 Carbonate
2.6
2.3
Grainstone

RSD
0.8
0.6
0.9

1

Stromatolite-Rubble
Conglomerate

Stromatolitic
Intraclastic
Conglomerate

2.0

1.1

0.5

1

Reef-Rubble
Conglomerate

Skeletal Intraclastic
Conglomerate

7.8

19.8

2.5

17.3
21.8
4.7
2.3
11.1
4.7

18.4
21.4
3.1
2.7
17.9
5.8

1.1
1.0
0.7
1.2
1.6
1.2

3

Reef Apron

2

Reef Core

1

Bioherm

Skeletal Grainstone
Coral Boundstone
Skeletal Wackestone
Skeletal Wackestone
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Table 9. A summary of PIA results and average core analysis porosity and permeability
from each lithofacies
No. of
Samples

Depositional
Facies
Assemblages

1

A-1 Carbonate

8
1

Lithofacies

Thrombolite
Grainstone
Cyanobacterial
A-1 Carbonate
Mats
Grainstone
Peloidal
A-1 Carbonate
Grainstone

Average Average
Average Average Average
Average
Average
Dominant
Average
Crystal Pore Size
%
%
%
Porosity Permeability
Pore Size
RSD
Micro
Meso
Macro
(%)
(mD)
Size (µm2) (µm2)
0

17

83

Macro

6,107

141,338

4.3

2.2

1.4

9

67

23

Micro Meso

15,297

14,815

3.7

7.0

6.5

5

60

35

Meso

10,298

23,084

4.6

6.5

7.0

1

A-0 Carbonate

A-0 Carbonate
Grainstone

6

87

7

Meso

14,709

15,773

2.3

7.0

2.4

10

Stromatolite- Stromatolitic
Rubble
Intraclastic
Conglomerate Conglomerate

12

78

10

Micro

15,134

10,406

2.6

9.6

8.8

3

Reef-Rubble
Conglomerate

Coarse
Lithoclastic
Conglomerate

12

80

7

Micro

11,499

10,506

2

7.6

3.3

2

Reef-Rubble
Conglomerate

Skeletal
Intraclastic
Conglomerate

6

59

36

Meso

7,547

22,030

3.6

5.8

2.4

4

Distal Reef
Apron

7

65

27

Micro Meso

13,875

18,766

3.3

8.1

9.4

21

Proximal Reef
Apron

3

59

37

Meso Macro

15,018

33,925

4

9.6

27.8

9

Reef Core

3

46

51

Macro

16,108

50,396

5.7

10.5

54.7

27

Reef Core

4

51

45

Meso Macro

10,416

41,559

4.1

7.4

19.4

Skeletal
Bioherm Talus Bioherm Toe
Grainstone

2

36

62

Macro

9,036

50,076

6.3

6.7

4.3

Skeletal
Wackestone

5

50

45

Meso

3,482

25,401

3.7

3.8

2.0

3

3

Bioherm

Distal Reef
Apron
Grainstone
Skeletal
Grainstone
Coral
Boundstone
Skeletal
Wackestone
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Figure 34. Depositional model of Reef Reservoirs generated by Rine et al. (2016) [in review] with distribution of pore types and
average RSD (Relative Standard Deviation) with associated Gamma-ray log on each lithofacies. Int. indicates as interparticle
porosity, S.V. as separate vug porosity and T.V. as touching vug porosity. Facies and lithofacies presented by the number: 1)
skeletal wackestone (bioherm facies), 2) skeletal bioherm toe grainstone, 3) reef core facies, 4) skeletal grainstone, 5) distal reef
apron grainstone, 6) reef-rubble conglomerate facies, 7) stromatolite-rubble conglomerate facies, 8) A-0 Carbonate facies, 9)
peloidal grainstone, 10) thrombolite grainstone and 11) cyanobacterial mats grainstone

Crystal Size, Pore Type and Pore Geometry Relationships in The Reef Reservoir
Facies Assemblages

Bioherm
The skeletal wackestone lithofacies consists of muddy fabrics with smaller
crystalline dolomite whereas the skeletal bioherm toe grainstone lithofacies consists of
grainy fabrics with larger dolomite crystals (refer to Table 8). During dolomitization of
the skeletal wackestone lithofacies, the nucleation/growth of dolomite crystals on
precursor mud grains results in smaller crystal sizes as the particles/crystals are more
compacted. The precursor particles from the skeletal bioherm toe grainstone lithofacies
consists of larger particles that were transported from the leeward proximal reef apron
setting from the State Kalkaska #6-22B (refer to Figure 34). In contrast, the skeletal
bioherm toe grainstone lithofacies consists of grainier fabrics with loose particles, and
hence dolomite crystals can growth larger than in the skeletal wackestone lithofacies that
consists predominantly with muddy fabrics as more spaces available for dolomite crystals
to growth in the skeletal bioherm toe grainstone lithofacies (refer to Table 1A from
Chapter 4 for comparison).
Intercrystalline pore types exist between fine crystalline dolomite and the matrix
in the skeletal wackestone lithofacies. However, the lack of intercrystalline pore types
between crystals within the skeletal wackestone lithofacies is likely due to compaction of
the original muddy fabric. Therefore, separate vug pore types were the primary pore
types, controlling both pore size distribution as well as overall porosity. Lacks of primary
skeletal fragments in the skeletal wackestone lithofacies suggests that separate vugs were
created by simply dissolution that cut across crystal and/or matrix boundaries.
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Dissolution that created these vugs may have begun before compaction and destruction of
interparticle/intercrystalline pores (Flügel, 2009). The abundance of large skeletal
fragments that experienced extensive dissolution created large connected vugs that are
now dominant in the skeletal bioherm toe grainstone lithofacies. Smaller skeletal
fragments such as brachiopods and coral clasts were dissolved and formed moldic pore
types. Intercrystalline pore types are observed to be a non-dominant pore types in the
skeletal bioherm toe grainstone lithofacies as this lithofacies had a more muddy fabrics
that occluded pores between the crystals.
An average RSD of 3.7, with range 2.9 – 4.5 indicates diverse pore size
distributions in the skeletal wackestone lithofacies. High RSD values are in agreement
with the interpretation of the creation of separate vug porosity discussed above. Similarly,
pore-throat distributions observed by MICP analysis from sample 6608’ show a diverse
multimodal distribution. This is reflected by several peaks at nano, meso, macro and
mega-size. The multimodality (non-uniformity) of pore-throat size is interpreted to exist
due to the non-uniformity of pore sizes in the skeletal wackestone lithofacies. Higher
macropore percentages than micropore and mesopore percentages in all samples confirms
that touching vug porosity is dominant in the skeletal bioherm toe grainstone lithofacies.
Higher average RSD of 6.3 with a range of 4.9 – 9.0 indicates even higher pore size
distribution that controlled by touching vug porosity as well as separate vug porosity in
the skeletal bioherm toe grainstone lithofacies.
Core analysis porosity and permeability in the skeletal bioherm toe lithofacies has
higher porosity and permeability than the skeletal wackestone lithofacies, as indicate by
hand-drawn ellipse (refer to plot in Figure 35). Since the skeletal bioherm toe grainstone
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lithofacies comprised loose particles, during the initial growth of dolomite crystals, pores
between the particles are also enhanced and resulted in higher porosity and permeability.

Figure 35. Porosity and permeability plot of the skeletal wackestone and the
skeletal bioherm toe grainstone lithofacies taken from all bioherm intervals
from the State Kalkaska #1-22 and the State Kalkaska #2-22

Reef Core
The skeletal wackestone and the coral boundstone lithofacies from the reef core
facies consists of both muddy and grainy fabrics. The average crystal sizes of these two
lithofacies are observed to be very distinct. The majority of samples in the skeletal
wackestone lithofacies in the reef core facies consist of muddy fabrics with average
crystal size of 88.8 µm. Some samples from this lithofacies contain slightly grainier
fabrics with a higher average crystal size of 109.1 µm. A similar relationship exists in the
bioherm facies, in which the skeletal wackestone lithofacies in the reef core facies has
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also lower average crystal size than the coral boundstone lithofacies, which comprises
mostly grainy fabric (Table 8).
The skeletal wackestone and the coral boundstone lithofacies consists mostly of
separate vug and touching vug pore types. Separate vug pore types that comprise mostly
of separate vug porosity in the skeletal wackestone lithofacies are associated with
dissolution of allochems (fossils) of the reef builders, such as rugose and tabulate corals,
and the reef dwellers, such as brachiopods. Minor interparticle porosity in the skeletal
wackestone lithofacies is porosity between the crystalline dolomite rhombs and present in
samples with dominant pore size in the micropore size (samples 6705’, 6490.5’, and
6657’). The skeletal wackestone lithofacies from the reef core facies differs from the
bioherm facies as the reef core’s skeletal wackestone consists of intercrystalline pore
types that reside in the micropore-dominated samples. These pore types have higher
porosity than the bioherm facies. These relationships suggest that dolomitization in the
skeletal wackestone lithofacies, is slightly more enhanced due to an abundance of loosely
packed crystals and larger precursor particles.
The coral boundstone lithofacies is comprised of reef-builder bioclasts, such as
massive tabulate-chain and finger corals. Dissolution that occurred in these bioclasts
created moldic, growth-frameworks and connected vug pore types. Connected vugs are
abundant in this lithofacies and were commonly formed by dissolution of branching coral
fragments. Micro-fractures in both lithofacies are interpreted to be the result of a burial
and compaction below overlying facies. However, since larger pores such as vuggy,
moldic and large connected vugs pore types are very abundant; overall porosity from the
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reef core facies is likely to be controlled by both separate vug and touching vug pore
types.
PIA results from both the skeletal wackestone and the coral boundstone
lithofacies show that the percentages of mesopores and macropores are higher than
micropores. Samples with a dominant macropore pore size from both lithofacies are
observed to have greater than 50% macropore, indicating dominance of touching vug
porosity. The variability of pore types and small proportion of pore sizes from micropores
to macropores in both lithofacies is documented by a high range of RSD from 2.0 – 9.4
with average RSD of 4.1 for the skeletal wackestone lithofacies and average RSD of 5.7
for the coral boundstone lithofacies. High RSD suggests that pore sizes are widely
dispersed.
Pore-throat sizes from both lithofacies (sample 6684’ and sample 6549.5’) also
show a multimodal (non-uniform) distribution with peaks ranging from nano to megathroat sizes (Plate 2C). The dispersion of pore-throat size in the reef core facies is also
reflected by an average RSD of pore-throat sizes higher than average RSD of pore-throat
size from the bioherm and the reef apron facies (observe in Table 1C, 2C and 3C from
Chapter IV).
Low correlation of porosity and permeability from the skeletal wackestone
lithofacies and the coral boundstone lithofacies reflects the variety of pore types and pore
sizes in these lithofacies (refer to Figure 36). This is a result of an extensive dissolution to
leads to the formation of diverse pore types including a significant proportion of separate

114

(moldic, vugs, growth-frameworks pore types) and touching vugs (connected vugs and
fractures).

Figure 36. Porosity and permeability plot of the skeletal wackestone and the
coral boundstone lithofacies taken from all reef core intervals from the State
Kalkaska #1-21, the State Kalkaska #1-22 and the State Kalkaska #6-22B

Reef Apron
The reef apron facies consists mostly of grainy fabrics. Samples from the skeletal
grainstone lithofacies with finer crystalline dolomite are observed to have crystal sizes
mostly below 63 µm in diameter. Even though the reef apron facies has a more
homogenous fabric, grainy fabric crystal size does not correspond with pore size. This
suggests that the proximal reef apron facies is mainly composed of sand-size sediments
and clasts from both the skeletal wackestone and the coral boundstone lithofacies from
the adjacent reef core facies (refer to Figure 34) that constitute different particle sizes. As
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dissolution occurred, samples with larger average crystal size may not have experienced
as much as dissolution as smaller crystal sizes. Sediment in the distal reef apron
grainstone lithofacies is interpreted to be derived from the distal portions of reef complex
II (Figure 34). Both the skeletal grainstone and the distal reef apron grainstone
lithofacies have similar average crystal diameter (refer to Table 3A) and in these
lithofacies, crystals are likely to be uniform in size.
Separate vug and touching vug porosity in the skeletal grainstone lithofacies are
associated with vug, moldic and touching vug pore types and probably formed as a result
of similar process, to the reef core facies. Separate vug pore types are typically associated
with enlargement of intercrystalline pores as the result of extensive dissolutions. Separate
vug porosity is associated with moldic pores formed from dissolved brachiopods and
coral bioclasts. Separate vug porosity is not dominant in this lithofacies because skeletal
fragments were less abundant than the skeletal wackestone lithofacies from the reef core.
The presence of large connected vugs as well as fractures in the skeletal grainstone
lithofacies indicates that these textures are the primary control on touching vug porosity
and core analysis permeability values above 100 mD. The formation of touching vug pore
types is interpreted to be the result of dissolution which the enlarged fractures. Porositypermeability relationships in the distal reef apron grainstone lithofacies are slightly more
predictable than the skeletal grainstone lithofacies. Touching vug porosity is absent in
this lithofacies and pore sizes observed from all samples from this lithofacies are more
uniform. The primary pore types from the distal reef apron grainstone are dominantly
intercrystalline, although separate vug pore types, i.e. sample 6713.5’ (Plate 3A) is
interpreted to be the result of enlargement of intercrystalline pores.
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A lower RSD range from 2.2 – 6.5 with average RSD of 4.0 was observed in the
skeletal grainstone lithofacies, in contrasts to the reef core facies, suggesting that pore
sizes are slightly more uniform when the fabrics and crystal structures are the same. The
distal reef apron grainstone lithofacies is dominated by pores that are micropore and
mesopore in size and is characterized by a more uniform pore size than in the skeletal
wackestone lithofacies from the reef core facies assemblage. The absence of touching vug
pore types/porosity from the distal reef apron grainstone lithofacies is also indicated by a
lower average RSD range from 1.77 – 4.46 with average RSD of 3.25. There are some
minor amounts of separate vug porosity present in this lithofacies as indicated by the
presence of macropores, below 50%, and thus separate vug porosity does not dominate in
the distal reef apron grainstone lithofacies.
Pore-throat size distributions interpreted from MICP result for the skeletal
grainstone lithofacies, suggests that the reef apron facies has dominant pore-throat size in
macro-to-mega-throat size which indicate bimodal distributions. There is an absence of
nano-size to meso-size pore throats; including samples with micropore size (i.e. sample
6564’). Sample 6564’ contains greater proportions at macro-size (2.25 µm, 3.43 µm and
8.31 µm). Pore-throat size dominated by macro-to mega-throat size confirms that porethroats in grainy fabrics are larger in the reef apron facies. In addition, pore-throat size
RSD of 0.90 is lower than the pore-throat size RSD in reef core samples and suggests that
pore-throat size distributions in the reef apron facies is more uniform than in the reef core
facies
Both the skeletal grainstone and the distal reef apron grainstone lithofacies
average crystal sizes are similar in size and are larger than observed in the bioherm
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facies. Larger crystal size in the reef apron facies enhanced the pore sizes and created a
higher core analysis porosity and permeability with average of 13.6% and 56.7 mD.
The reef apron facies in the proximal reef core setting typically shows a transition
into limestone lithology. The limestone portion from this facies consists of muddominated textures (mud-dominated packstone) with low porosity. Dolomitizing fluids
possibly did not reach the upper portion of the reef apron facies. Plot of porosity and
permeability from Figure 37 suggests that the limestone portion of the reef apron facies
has poor reservoir quality with the majority of samples exhibiting porosity and
permeability below 10% and 10 mD, respectively.

Figure 37. Porosity and permeability plot of the skeletal grainstone, the distal
reef apron and limestone mud-dominated packstone lithofacies taken from all
reef apron intervals. Notice that limestone mud-dominated packstone lithofacies
has poor reservoir quality
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Reef-Rubble Conglomerate
The reef-rubble conglomerate facies is mostly dominated by grainy fabric with
fine crystalline dolomite. The coarse lithoclastic conglomerate lithofacies has slightly
higher average crystal size larger than the skeletal intraclastic conglomerate lithofacies
(Table 8). Both coarse lithoclastic conglomerate lithofacies and the skeletal intraclastic
conglomerate lithofacies comprise transported sediments from both the reef core and reef
apron depositional facies. Large clasts from the reef core facies were derived from reef
complex III (refer to Figure 34), while contemporaneous deposition of smaller particles
from the reef apron facies of complex II filled voids between clasts. The reef-rubble
conglomerate is dominated by planar subhedral crystals. Boggs (2009) suggests that low
porosity is usually found in dolomites composed of planar subhedral crystals due to the
preservation of crystal-face junctions (interlocking crystals). This is shown in both the
coarse lithoclastic conglomerate and the skeletal intraclastic conglomerate lithofacies by
having a lower average core analysis porosity based on observation from PIA samples
(6.2%).
The reef-rubble conglomerate facies from the windward talus setting was likely
not exposed to intense dissolution that would produce a wide abundance of separate vug
and touching vug pore types, although some separate vugs were observed. Therefore,
vuggy porosity is not prevalent in the reef-rubble conglomerate facies compared to the
bioherm, reef core and reef apron facies. This results in intercrystalline porosity being
dominant within reef-rubble conglomerate facies assemblages.
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Pore sizes from both lithofacies in the reef-rubble conglomerate are characterized
by uniform distributions with micropores as the dominant pore size, although some
macropores are also present (39%). The skeletal intraclastic conglomerate lithofacies
(sample 6708’) yields a higher average RSD of 3.6 than the coarse lithoclastic
conglomerate lithofacies average RSD (2.0). Overall, both lithofacies have an average
RSD of 2.6, which is lower than the average RSD from most other facies. These highly
uniform pore sizes and pore types are dominated by interparticle porosity. MICP result
from the skeletal intraclastic conglomerate lithofacies (sample 6708’) suggest minor
amounts of separate vug porosity (PIA from sample 6708’ also indicates 39%
macropores). Pore-throat size in the skeletal intraclastic conglomerate lithofacies is
distributed bimodal in the nano-and macro-size-pore throat size (Plate 4C). Nano-size
pore-throats are related to pores between the fine crystalline dolomite rhombs. Macrosize pore-throats are likely associated with vuggy pores, which constitute the separate
vug porosity portion of this sample.
A range of porosity and permeability of 4 – 10% and 0.2 – 10 mD (Figure 38) in
the reef-rubble conglomerate facies interval, suggests the absence of touching vug
porosity, minor separate vug porosity and more uniform, interparticle porosity.

120

Figure 38. Porosity and permeability plot of the skeletal intraclastic conglomerate
and the coarse lithoclastic conglomerate lithofacies from the reef rubble
conglomerate facies assemblage

Supratidal Island Stages
The stromatolitic intraclastic conglomerate lithofacies from the stromatoliterubble facies shows similar characteristics compared to the reef-rubble conglomerate
facies. Most of the samples exhibit grainy fabrics with an average crystal size larger than
observed in the reef-rubble conglomerate facies (refer to Table 5A from Chapter IV). The
dominance of planar euhedral crystals in this lithofacies apparently results in high core
analysis porosities above 10%. Boggs (2009) explains that dolomite rocks with planar
euhedral dolomite crystal structure are generally more porous because this crystal
structure is composed of loosely packed crystals with intercrystalline pores between these
crystals. The stromatolite-rubble conglomerate facies resulted from transport of grainy
sediment from two facies, a mix of the algal stromatolitic mudstone lithofacies and the
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reef apron facies from reef complex II (Figure 34). This interpretation explains core
analysis porosity and permeability below 10% and 10 mD, which are probably associated
with very fine crystalline algal stromatolitic mudstone sediment, whereas porosity and
permeability above 10% and 10 mD (Figure 39) is probably associated with strata from
the reef apron sediment.
The stromatolite-rubble facies is dominated by intercrystalline or microcrystalline
pore types, which have more interparticle porosity. Touching vug porosity is absent in
this lithofacies. The presence of separate vugs is demonstrated by the small amount of
macropores observed in most of the samples. In addition, macropores indicate that
separate vug porosity is not dominant, as the macropores make up less than 50% of the
porosity in this lithofacies.
The stromatolitic intraclastic conglomerate lithofacies is dominated by
micropores with greater than 7% microporosity. The RSD of this facies is from 1.5 – 4.4
with an average RSD of 2.6, lower than other facies in Brown Niagaran. The MICP porethroat size is very unimodal (uniform) as indicated by one representative sample (sample
6661’) from this facies. A uniform pore-throat size of 2.84 µm (macro-size) is observed
in this lithofacies. The dominance of microporosity and the very uniform distribution of
pore-throat size, suggests that the stromatolite-rubble facies is a representative facies for
interparticle porosity dominated lithofacies in the Niagaran – Lower Salina Reef
Complex Reservoirs. The algal stromatolitic mudstone cap interval present in the reef
core and proximal reef core is not a reservoir interval, as suggested by the very low core
analysis porosity and permeability (Figure 39).
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Figure 39. Porosity and permeability plot of the stromatolite-rubble conglomerate
and the algal stromatolitic mudstone cap lithofacies from the supratidal island
stage. Notice that the algal stromatolitic mudstone cap has lower core analysis
porosity and permeability range

A-0 Carbonate
The A-0 Carbonate grainstone lithofacies is present in the leeward flank setting
(Figure 31). The A-0 Carbonate grainstone lithofacies is up to 40 feet in thickness and
consists mainly of grainy fabrics. Bedding inclination of up to 20⁰ angles observed in the
State Kalkaska #1-22 well is interpreted to be the result of grain flow transport
mechanisms of sediment derived from the reef apron (Figure 34). The A-0 Carbonate
grainstone lithofacies shows a greater abundance of intercrystalline pore types in thin
section and suggests that this lithofacies is dominated by interparticle porosity. Visible
separate vug pores were not observed in this lithofacies.
PIA reveals that uniform mesopores are the dominant pore size in the A-0
Carbonate facies. The A-0 Carbonate grainstone lithofacies is characterized by greater
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crystal size than the reef-rubble conglomerate facies assemblages. Macropores make up
to 7% of the porosity, suggesting that separate vug porosity is present in this lithofacies.
MICP result shows that the A-0 Carbonate pore-throat distributions are dominantly
macro-size. The MICP pore-throat sizes show peaks at 2.83 µm and 5.24 µm. A porosity
and permeability plot, Figure 40, shows a correlation of porosity and permeability (R2 of
0.7) which is higher than observed in any of the Brown Niagaran lithofacies. The high
correlation between porosity and permeability is due to the uniform size and shape of the
pores in the A-0 Carbonate.

Figure 40. Porosity and permeability plot from the A-0 Carbonate grainstone
lithofacies. Notice that the A-0 Carbonate has a good trend and coefficient of
correlation (R2) of 0.7

A-1 Carbonate
The average crystal sizes observed in the peloidal grainstone, cyanobacterial
mats grainstone and thrombolite grainstone lithofacies are varied (Table 8). The peloidal
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grainstone lithofacies from the leeward flank setting is characterized by slightly larger
average crystal size than the thrombolite grainstone lithofacies and more dominated by
mesoporosity, whereas the thrombolite grainstone lithofacies is dominated by
macroporosity (Table 8). Separate vug pores in sample 6593’ from the peloidal
grainstone lithofacies were created by enlargement of intercrystalline pores. A high RSD
of 4.5 indicates that the sample has a slightly diverse pore size distribution and is due to
the presence of both separate vug and intercrystalline porosity (Plate 7C). A substantial
percentage of macropores (35%), including extra-large macropores determined by PIA,
indicates the presence of vuggy porosity. The pore-throat size distribution has a distinctly
bimodal distribution that occurred at 1.78 µm (meso-size) and 6.45 µm (macro-size).
The cyanobacterial mats grainstone from the windward talus setting of the State
Kalkaska #2-22 has a higher average crystal size compared to both the thrombolite
grainstone and the peloidal grainstone lithofacies (Table 8). The cyanobacterial mats
grainstone lithofacies is dominated by intercrystalline pore types (interparticle porosity).
Separate vug porosity is observed but is less significant than the interparticle porosity in
the cyanobacterial mats grainstone lithofacies. The cyanobacterial mats grainstone is
dominated by micropore and mesopore size. This lithofacies, compared to the
stromatolite-rubble conglomerate, has high core analysis porosity that associated with
planar euhedral crystals. High core analysis permeability results from good connectivity
of intercrystalline pores. Touching vug porosity was not observed in either core or thin
section samples. This lithofacies shows a RSD range from 2.0 – 6.6 with an average RSD
of 3.7, which lower than the other the A-1 Carbonate facies that are dominated by
mesopore and macropore porosity.
125

The thrombolite grainstone lithofacies has lower average crystal size compared to
the other lithofacies in the A-1 Carbonate. The dominance of macropores in this
lithofacies is supported by the uniform size distribution of pores in this size range and
suggests that the dominant pore type is touching vug porosity. Macropores were created
by an extensive dissolution of thrombolite fragments, during the dolomitization in the A1 Carbonate. Thin section petrography reveals that the thrombolite grainstone lithofacies
interval consists of finely crystalline dolomite, although this lithofacies interval in the
State Kalkaska #1-22 interval is characterized by the transition between limestone and
dolomite in the reef apron. This suggests that the dolomitization in the A-1 Carbonate
facies was distinct and may not have been coeval with dolomitization in Brown Niagaran
since the remains of calcite cement in Brown Niagaran is vanished. The reason
dolomitization in the A-1 Carbonate facies has different timing with Brown Niagaran is
because dolomite crystals are expected to form after calcite cementation occurrence in the
A-1 Carbonate facies. A representative sample from the thrombolite grainstone
lithofacies (sample 6338’) is characterized by touching vug pores with a RSD value of
4.3, which is slightly lower than the peloidal grainstone lithofacies (RSD of 4.57). The
MICP curve for the thrombolite grainstone lithofacies from Plate 7C, supports uniform
pore geometry with a unimodal pore throat size distribution at 25.5 µm, suggests that
pore-throat size is uniform.
The poker chip mudstone lithofacies is a non-reservoir interval. The core analysis
porosity and permeability is lower than any other lithofacies in the A-1 Carbonate facies
assemblages. The poker chips mudstone lithofacies consists mostly of shaley mudstone
with permeability values of 0.1 mD or less.
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Overall, porosity and permeability relationships in the A-1 Carbonate facies are
more highly correlated than observed in the Brown Niagaran facies assemblages. This
relationship is documented by high correlation coefficients (R2) of 0.9, 0.5 and 0.8 from
the peloidal grainstone, cyanobacterial mats grainstone mats and thrombolite grainstone
lithofacies respectively (Figure 41). This indicates that pore geometry in these lithofacies
is characterized by more uniform pore size ranges and pore shapes.

Figure 41. Porosity and permeability plot from the thrombolite grainstone, the
poker chip mudstone, the cyanobacterial mats grainstone and the peloidal
grainstone lithofacies from the A-1 Carbonate facies assemblages

Porosity Classifications in The Reef Reservoir
The spatial distribution of the petrophysical properties, such as pore type and pore
geometry including, pore size, pore-throat size and size distribution can be related to fluid
flow properties in reservoirs (Ghosh and Friedman, 1989). Samples taken from each
lithofacies from the Reef Reservoir were used to evaluate porosity and permeability
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relationships. However, without grouping and separating samples in accordance with
petrophysical parameters, especially pore types, pore size and pore-throat size,
predictable relationships between porosity and permeability are not possible (Figure 42).

Figure 42. Core analysis (C.A) porosity vs. permeability semi-log plot for all
samples (thin sections) used in this study with no discrimination of pore types.
Note that the R2 of this transform is very low, 0.3822, indicating there are no
predictable relationship between porosity and permeability

A total of 93 samples were selected and the pore types were characterized as
interparticle, separate vug or touching vug porosity. Megascopic (in core) and
microscopic (petrographic) of qualitative observations were used to discriminate samples.
36 samples were classified as interparticle porosity with dominantly intercrystalline pore
types and a majority of pores of a size proportional or smaller than the average crystal
sizes. Examples of thin sections data consisting of predominantly interparticle
(intercrystalline) porosity are shown in Appendix C. These samples consist of dominantly
micropore and mesopore size and RSD ranging from 1.52 – 4.78, with an average RSD of
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2.93. Only seven samples with interparticle (intercrystalline) porosity exhibited extralarge macropores. Most interparticle (intercrystalline) porosity-dominated samples have a
uniform pore size distribution, and only six samples have patchy distribution. Samples
with patchy pore size distribution have various different pore sizes due to the presence of
vuggy pores in addition to the interparticle (intercrystalline) porosity. Samples with
patchy pore size distribution have a higher core analysis permeability values than samples
with uniform pore size distribution, as observed by Lonoy (2006).
Core analysis porosity and permeability for the 36 interparticle (intercrystalline)
porosity-dominated samples are plotted in Figure 43. A high correlation coefficient (R2)
of 0.70 for this plot suggests that porosity and permeability have a strong relationship in
interparticle porosity-dominated samples. High R2 in the interparticle (intercrystalline)
porosity plot is consistent with a generally uniform pore geometry connected through
intercrystalline pores and direct exponential correlation of porosity to permeability.
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Figure 43. Core analysis (C.A) porosity vs. permeability plots for 36 samples
that were classified as interparticle (intercrystalline) porosity. Note that this plot
has a high R2 of 0.7144

A total of 38 samples were classified as separate vug porosity types. Separate vug
porosity is pore geometry in which separate vugs (non-touching vugs) are distinctly
visible in thin section and are dominant compared to intercrystalline pore types. Vuggy
pores are defined to have majority of pore sizes larger than 2 – 3× the average crystal
sizes. Examples of thin sections characterized by separate vug porosity are shown in
Appendix C. of the 38 separate vug porosity samples; two samples have dominant pore
size in the micropore range, 26 samples in the mesopore range and 10 samples in the
macropore range. Extra-large macropores were observed in 25 of the 38 separate vug
samples. The RSD from samples with predominantly separate vug porosity range from 2
– 9.4, with an average RSD of 4.3. This average RSD is significantly higher than average
RSD from interparticle (intercrystalline) porosity samples, as would be expected. The
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relatively high range and average of RSD distribution in samples with separate vug
porosity are reflected by an increase in the proportion of macropores.
Core analysis porosity and permeability is plotted in Figure 44 from all 38
samples of separate vug porosity. These samples exhibit a low R2 of 0.3689, suggesting a
weak correlation between porosity and permeability. The presences of separate vugs and
an uneven pore size distribution indicate that both small pores (intercrystalline pores) and
larger pores (vuggy pores) occur in the samples. Separate vugs create pore sizes larger
than the average crystal sizes which yield higher porosity value at lower permeability.

Figure 44. Core analysis (C.A) porosity vs. permeability plots for 38 samples that
were classified as separate vug porosity. Note that this plot has a low R2 of 0.3689

A total of 19 samples were classified as touching vug porosity. Samples classified
as touching vug porosity have connected vugs or micro-fractures. Core analysis
permeability from samples in the touching vug porosity category is above 90 mD and is
interpreted to be the result of extensive dissolutions of the pores and fractures. Samples
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with touching vug porosity presented in Appendix C. The majority of samples (12)
originate from the reef core facies and exhibit vuggy pores due to dissolution of coral
fragments. The plot of porosity versus permeability from samples with touching vug
porosity is shown in Figure 45. The plot shows a low correlation of porosity to
permeability and correlation coefficient (R2) is 0.27. Samples with touching vug porosity
have a more disparate pore size distribution with a high RSD ranging from 3.42 – 9, and
a high average RSD of 5.2.

Figure 45. Core analysis (C.A) porosity vs. permeability plots for 19 samples
that were classified as touching vug porosity. Note that this plot has a lowest R2
of 0.2605
Relationship of Pore Size and Pore-Throat Size to Permeability
Chapter IV documented a relationship between pore size and pore-throat size. For
instance, a great variety of pore size from micropore to extra-large macropore exists in
the reef core samples. MICP results from the reef core samples also show high disparity
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in the pore-throat size distribution. Pore size is represented by a two-dimensional cross
section and only measures the percent porosity in each sample. Pore-throat size is the
radius of a circle perpendicular to the fluid flow and represents the size of pore-throats
and connectivity of the pores in three-dimensions. Therefore, pore-throat size
distributions ultimately control permeability of a sample. To develop the relationship
between porosity and permeability, average of pore sizes obtained from PIA are plotted
against pore-throat radii from MICP. Pore sizes from PIA must first be converted to a
radius measurement, with the assumption that most of pores are nearly circular. Figure 46
shows this plot of average pore radius from PIA plotted on the x-axis against average
pore-throat radius from MICP plotted on the y-axis. The fitted linear regression line has a
R2 of 0.7716 for the relationship between average pore size and average pore-throat size.

Figure 46. Average pore radius obtained from PIA vs. average pore-throat radius
obtained from MICP. Blue plots represent samples with dominant pore size in
micropore, orange plots represent samples with dominant pore size in mesopore
and red plots represent samples with dominant pore size in macropore
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Sample 6572’ from the skeletal grainstone lithofacies from the reef apron facies is
excluded from this plot. The reason is the average pore size given by PIA result is
relatively low for a given average pore-throat size unlike other samples and is possibly
due to undercounted some of the micropore or mesopores. The high coefficient
correlation (R2) in Figure 46 suggests that there is a relationship between pore size and
pore-throat size. Overall, the linear trend shows that pore-throat radius is a function of
pore size where smaller pore size will have smaller pore-throat size. To illustrate the
correlation between pore-throat radius and permeability, average pore-throat radius and
their corresponding core analysis permeability is plotted in Figure 47.
A sample from the skeletal wackestone lithofacies from the reef core facies
(sample 6549.5’) and a sample from the thrombolite grainstone lithofacies (sample
6338’) are excluded from the plot. Sample 6549.5’ was excluded due to unrepresentative
core analysis permeability (permeability < 1 mD). Sample 6549.5’ was taken from the
skeletal wackestone lithofacies which consists of heterogeneous rock types with majority
of pore sizes are mesopore to macropore and consists of touching vug porosity.
Therefore, low core analysis permeability observed in this sample is not an accurate
representative permeability. Sample 6338’ was thought to be unrepresentative of the
thrombolite grainstone lithofacies because of the mismatch between the low permeability
values (2.2 mD) and the presence of macropores with touching vug porosity. The reason
whole core analysis permeability in the thrombolite grainstone lithofacies is very low is
because the thrombolite grainstone lithofacies is within the limestone interval.
The regression line in Figure 47 has a calculated R2 value of 0.8565 which
indicates that permeability as well as the ability of fluid to flow is correlated with pore134

throat radius. Smaller pore-throats decrease the permeability, and hence fluid flow.
Larger pore-throats will generate a higher permeability, and therefore, higher fluid flow.
In addition, permeability is ultimately controlled by pore-throat size.

Figure 47. Average pore-throat radius vs. core analysis permeability plot.
Notice that this plot has a high R2 of 0.8565

Integrated Porosity vs. Permeability Transforms
Interparticle (intercrystalline) porosity comprises mostly intercrystalline pore
types since good reservoir quality exists almost exclusively in dolomite lithologies.
Interparticle pore types were not observed in limestone-dominated intervals. Figure 48
shows a core photo and photomicrograph taken from a limestone-dominated core from
the Kerr #1-10 well and two samples from dolomitized portions of the State Kalkaska #121 well. The Kerr #1-10 well shows no indication of interparticle porosity. Pores are
present in similar dolomitized depositional facies. The skeletal wackestone lithofacies
from the reef core facies assemblages with muddy fabric shows small amount of
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intercrystalline porosity whereas intercrystalline pores were readily observed in the
skeletal grainstone lithofacies from the reef apron facies assemblages (Figure 48).
Samples with substantial vuggy porosity were not reliable for correlations
between porosity and permeability. Porosity and permeability are not well correlated in
separate vug and touching vug porosity samples. For example, with respect to
interparticle-dominated samples, separate vug samples generally have lower permeability
at a given porosity whereas touching vug porosity produces a higher permeability at low
porosity. The correlation of porosity and permeability for interparticle pore types (which,
in this study is mainly intercrystalline pore types), is usually good since pore geometry is
more uniform. Previous works by Archie (1950, 1952) and Lucia (1983, 1995) also
suggested that interparticle porosity exhibit higher reservoir quality due to the fact that
pore systems are more homogenous. The Brown Niagaran and Lower Salina Group
reservoir rock types described in this study contain all three porosity types. In order to
develop a relationship between porosity and permeability, separate vug and touching vug
porosity must be eliminated.
To eliminate the effect of vuggy porosity and develop more reliable correlation
between porosity and permeability, percentages of interparticle (intercrystalline) and vug
porosity must be defined in all thin section from PIA results. The PIA result includes a
percentage of pore sizes from micropore to extra-large macropore. Percent interparticle
(intercrystalline) porosity is defined by the sum of percent micropore and mesopore
(including small mesopore, medium mesopore and large mesopore). The majority of
samples show that micropore and mesopore size is still proportional to the average crystal
size of the sample, although some samples indicate that medium and large mesopores are
136

slightly larger than the average crystal size and therefore may be better classified as
separate vugs. To simplify a general cutoff that defines the percent interparticle
(intercrystalline) porosity, the mesopore and smaller pore sizes are considered to be
interparticle (intercrystalline) porosity. Percent vug porosity is defined as the sum of
macropore-to-extra-large macropore percentages. These macropores have an absolute
pore size larger than the average crystal sizes in the samples.
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Figure 48. A) Mud-dominated packstone from limestone-dominated core, the Kerr #1-10 well (Frederick-10 Field, from
Crawford County). Visible pores are absent in limestone-dominated core. B) Dolomitized skeletal wackestone lithofacies from
the reef core in the State Kalkaska #1-21 well with muddy fabrics. Notice that pores are smaller due to more interlocking
dolomite crystals. C) Dolomitized skeletal grainstone from the reef apron in the State Kalkaska #1-21 well with grainy fabrics.
Pores are more enhanced compared to muddy fabric

Core analysis (C.A) porosity for each sample was converted into corrected core
analysis porosity. Corrected core analysis porosity (percentage of interparticle porosity)
is calculated by taking the percentage of interparticle porosity from the total porosity
percentage (core analysis porosity) for each sample. Corrected core analysis porosity was
plotted against the core analysis permeability and is shown in Figure 49. To establish
meaningful trends, the plot is divided into 4 trends/classes. Class 1 represents the plots
from corrected core analysis porosity and permeability that contain 70 – 100% vug
porosity, class 2 represents 50 – 70% vug porosity, class 3 represents 25 – 50% vug
porosity and class 4 represents 0 – 25% vug porosity. Two types of samples that were not
included in this plot are: 1) samples with core analysis permeability above 100 mD;
believed to have touching vugs or fractures and 2) samples with core analysis
permeability below 1 mD: these are non-reservoir rocks.

Figure 49. Integrated porosity vs. permeability plot with corrected core analysis
porosity and core analysis permeability showing four distinct classes (trends)
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No specific facies or lithofacies clustered in each class since each class contains a
mix of facies assemblages and lithofacies. This indicates that vuggy porosity is scattered
throughout the Reef Reservoir facies and it is difficult to predict the pore geometry from
just clustering the facies or lithofacies. However, without eliminating the percent vugs
and conducting corrected core analysis porosity, transforms cannot be observed. Figure
50 shows the plots of uncorrected core analysis porosity and permeability with no
distinction in trends/transforms. Class 1 is dominated by samples with touching vug
porosity. A higher R2 of 0.7515 from class 1 transform in Figure 49 suggests that after
percent vugs (touching vug porosity) were removed, correlation between porosity and
permeability is higher due to more uniform pore sizes that are present in interparticle
(intercrystalline) porosity (compare with class 1 plot in Figure 50 represented by blue
plots).
The plot in Figure 51 is translated into the dominant pore size that resides on each
sample; there is a trend line/transform that can be drawn. The plot in Figure 51 presents
the same plot as Figure 49 but is based on the dominant pore size. Micropore-dominated
samples define the class 4 transform, mesopores-dominated-samples define the class 3
transform and macropore-dominated samples define both class 1 and class 2 transform.
However, without eliminating the percent vugs, there are no transforms/trends. Figure 51
shows an uncorrected porosity to permeability transforms with scatter plots indicating
that transforms cannot be observed.
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Figure 50. Uncorrected core analysis porosity and permeability plot without
eliminating the vugs and excluding permeability above 100 mD (touching vug or
fracture) and below 1 mD (non-reservoir)

Figure 51. Corrected core analysis porosity vs. permeability based on dominant
pore size. Blue plots indicate micropore-dominated samples, orange plots indicate
mesopores-dominated samples and red plots indicate macropore-dominated
samples
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In addition, the use of these plots from Figure 49 is to predict the permeability
from porosity (i.e. from wire-line log data) if Reef Reservoir lithofacies can be reliably
established. To assign the equations in Figure 49 for each lithofacies, RSD of pore size is
used as the main parameter. RSD describes the distribution or uniformity of pore sizes.
More interparticle (intercrystalline) porosity will exhibit lower RSD. First, the average
RSD is taken from within each class. Class 1 has an average RSD of 5.17, class 2 has an
average RSD of 5.0, class 3 has an average RSD of 4.34 and class 4 has an RSD of 2.47.
Second, average RSD from each lithofacies is taken. Lithofacies with an average RSD
from 1 – 2.99 is assigned in class 4, lithofacies with an average RSD from 3 – 3.99 is
assigned in class 3, lithofacies with an average RSD from 4 – 5 is assigned in class 2 and
lithofacies with an average RSD above 5 is assigned in class 1.
Table 10 provides the class transforms assigned for each lithofacies with the
dominant pore sizes. In additions, these transforms are attempted to provide a better
prediction of permeability for reservoir modelling in Niagaran Reef Reservoirs if only
porosity log data is available.
Table 10. Assigned Class Transform based on lithofacies
Depositional Facies
Assemblages
A-1 Carbonate
A-0 Carbonate
Stromatolite-Rubble
Conglomerate
Reef-Rubble
Conglomerate
Reef Apron
Reef Core
Bioherm

Lithofacies

Dominant Pore Size

Average RSD
of Pore Size

Assigned Class
Transform

Thrombolite Grainstone
Cyanobacterial Mats Grainstone
Peloidal Grainstone
A-0 Carbonate Grainstone
Stromatolitic Intraclastic
Conglomerate
Coarse Lithoclastic Conglomerate

Macropores
Micropores - Mesopores
Mesopores
Mesopores

4.3
3.7
4.6
2.3

2
3
3
4

Micropores

2.6

4

Micropores

2.0

4

3.6
3.3
4.0
5.7
4.1
6.3
3.7

3
3
3
1
2
1
3

Skeletal Intraclastic Conglomerate
Mesopores
Distal Reef Apron Grainstone
Micropores - Mesopores
Skeletal Grainstone
Mesopores - Macropores
Coral Boundstone
Macropores
Skeletal Wackestone
Mesopores - Macropores
Skeletal Bioherm Toe
Macropores
Skeletal Wackestone
Mesopores
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CHAPTER VI
CONCLUSIONS
1. Two main diagenetic events that influenced overall reservoir properties in the
Niagara – Lower Salina Reef Complex Reservoirs (Reef Reservoirs) are
dolomitization of precursor, primary limestone and dissolution. Dolomitization is
observed to enhance interparticle (intercrystalline) pore size as well as overall
porosity and permeability from precursor limestone. An important dolomitelimestone contact was observed in the State Kalkaska #1-22 and the State
Kalkaska #1-21 wells in the Kalkaska-21 field, Kalkaska County and shows a
significant decrease in reservoir quality in limestone relative to the dolomite.
Dissolution of precursor limestone and dolomite in the Reef Reservoirs generated
variability in pore types and pore sizes.

2. High reservoir quality is observed in dolomitized Reef Reservoir facies. Reservoir
quality in several Reef Reservoir facies was formed as a result of primary
depositional textures and subsequent early dolomitization. Later dolomitization
and dissolution further enhanced reservoir quality. Early porosity observed in the
Reef Reservoir facies was generated by dolomitization of limestone and is now
observed as an interparticle (intercrystalline) porosity. Later enhancement of
porosity was generated by dissolution of matrix and skeletal fragments that
formed vugs, moldic and growth-framework pore types (separate vug porosity).
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Connected vug pore types, including micro-fractures in the Reef Reservoir facies
were also formed after deposition and dolomitization and are classified as
touching vug porosity.

3. Pore types and pore sizes are variable in the Reef Reservoir facies, especially in
the Brown Niagaran (Guelph Dolomite). PIA and qualitative observations, using a
high-powered petrographic microscope, were used to quantifying pore types and
pore sizes distribution in the Reef Reservoir facies (following a facies model by
Rine, 2015) and grouped, for analysis by lithofacies. Brown Niagaran facies
assemblages, including the bioherm, the reef core and the reef apron, exhibit high
variability in pore types and pore sizes.

4. MICP was used to establish pore-throat size (radius) distribution the Reef
Reservoir facies. The bioherm and the reef core facies exhibit multimodal (nonuniform) pore-throat radius distributions. However, the reef apron, the reef-rubble
conglomerate, the stromatolite-rubble conglomerate, the A-0 Carbonate and the
A-1 Carbonate facies assemblages are dominated by more unimodal (uniform) or
bimodal pore-throat radius distributions. The dominance of separate vug and
touching vug porosity from the bioherm and reef core facies is associated with a
more multimodal (non-uniform) pore-throat radius distribution. The dominance of
interparticle (intercrystalline) porosity, for example in the stromatolite-rubble
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conglomerate facies yields a more uniform, unimodal pore-throat radius
distribution.

5. The Relative Standard Deviation (RSD) statistical parameter was used to describe
the uniformity of pore size and pore-throat size distributions. Small RSD indicates
uniform and typically unimodal pore size and pore-throat sizes distributions,
whereas higher RSD values represent more non-uniform and multi-modal pore
size and pore-throat size distributions. For instance, a sample from the
stromatolite-rubble conglomerate facies that is dominated by interparticle
(intercrystalline) porosity has uniform pore size and pore-throat size distribution
and has low RSD values. Samples from the reef core are characterized by separate
vug and touching vug pore types and are dominated by very non-uniform, patchy
macroporosity with high RSD of pore size. The reef core facies also has a highly
non-uniform pore-throat size distribution, which is characterized by high RSD.

6. Brown Niagaran Reef Reservoir facies from the windward reef talus, in Kalkaska21 Field well is dominated by interparticle (intercrystalline) micropores with a
uniform size distribution and contrast with Brown Niagaran facies from the
proximal reef apron and reef core setting, which are dominated by non-uniform
separate and touching vug pore types. It is suggested that the windward reef talus
setting experienced different degrees of diagenetic alteration, including less
dissolution and vuggy porosity formation because the windward talus is generally
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composed of finer-grained (muddy) primary carbonate sediment compared to the
proximal reef apron and reef core setting.

7. Low correlation of porosity to permeability is observed in the Brown Niagaran
portions of the Reef Reservoir, especially in the reef core and proximal reef apron
setting. Higher correlation of porosity to permeability was observed in the Lower
Salina Group (the A-0 Carbonate and the A-1 Carbonate) parts of the Reef
Reservoir, as indicated by a higher R2 (> 0.5) from core analysis porosity and
permeability. These relationships are interpreted to result from the dominance of
non-uniform, separate vug and touching vug pore types in Brown Niagaran Reef
Reservoir facies. The dominance of non-uniform pore geometry and pore types
precludes reliable prediction of permeability on the basis of a known porosity (i.e.
from well log analysis, in the absence of core sample material) in these facies.
The Lower Salina Group is observed to have interparticle (intercrystalline)
porosity as well as touching vug porosity with more uniform pore geometry. As a
result, permeability can more reliably predicted from porosity measurements only
in the Lower Salina Group Reef Reservoir compared to the Brown Niagaran parts
of Reef Reservoir.

8. Plot in Figure 46 shows that pore-throat size has good correlation to pore sizes in
a limited sample set of Reef Reservoir facies. Smaller pore size results in smaller
pore-throats and larger pore size results in larger pore-throats. In addition, pore-
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throat size has good correlation with permeability. A plot in Figure 47 exhibits a
good correlation. This relationship is consistent with basic principles that porethroat size distribution ultimately controls permeability but also that pore size
distribution is also related to permeability.

9. The petrophysical complexity in the Reef Reservoir facies can be reduced by
eliminating the effect of vuggy porosity and using a corrected porosity to
constrain transforms. Figures 49 and 50 show good correlation of corrected core
analysis porosity to permeability after correction of porosity to eliminate the
percent vugs (determined from PIA analysis of pore size and crystal size).
Without correction for vuggy porosity, core analysis porosity has poor correlation
with permeability (Figure 51). The porosity to permeability transforms generated
in this study after consideration of vuggy porosity are a starting place for
predicting porosity-permeability trends in other Reef Reservoir where core
analysis date is not available.

10. Observation and analysis from qualitative to quantitative measurement conducted
in pore size and pore-throat size analysis is the best approach in understanding the
reservoir quality distribution in Reef Reservoir facies, in terms of: pore types,
pore size, pore-throat size, porosity and permeability relationships in the
Niagaran – Lower Salina Reef Reservoir Complexes in the Michigan Basin.
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APPENDIX A
PIA Data for All Samples
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Table 11. PIA results of the Bioherm facies for all samples

Sample
Footage

Well

Permit
Number

Depositional
Facies
Assemblages

Lithofacies

6685
6674
6608
6751
6749
6747

St. K 1-22
St. K 1-22
St. K 1-22
St. K 2-22
St. K 2-22
St. K 2-22

28676
28676
28676
28721
28721
28721

Bioherm
Bioherm
Bioherm
Bioherm
Bioherm
Bioherm

Skeletal Wackestone
Skeletal Wackestone
Skeletal Wackestone
Skeletal Bioherm Toe Grainstone
Skeletal Bioherm Toe Grainstone
Skeletal Bioherm Toe Grainstone

Standard
%
%
%
Dominant Average Pore Deviation
Micro Meso Macro Pore Size
Size (µm2)
(µm2)
5
8
2
1
2
3

67
53
44
33
30
45

28
38
54
65
68
53

Meso
Micro
Meso
Macro
Macro
Macro

19714
13540
42948
65923
48086
36220

88061
48919
124334
325592
433139
178083

RSD
4.5
3.6
2.9
4.9
9.0
4.9

Note: orange column indicates representative samples reported in Chapter IV (this convention will be used in the succeeding
tables).
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% Macro display in all tables is include the sum of macropore percentages and extra-large macropore percentage

Table 12. PIA results of the Reef Core facies for all samples
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Sample
Footage

Well

Permit
Number

Depositional
Facies
Assemblages

Lithofacies

6736.75
6734
6730
6708.5
6705
6688.75
6684
6678
6675.5
6664
6655.5
6642.5
6638.75
6632
6630
6628.75
6626
6624
6618
6549.5
6535.5
6527
6513.5
6508.5
6490.5
6471.5
6657
6639
6629
6590.5
6571.7
6697
6669
6641
6607
6565

St. K 1-21
St. K 1-21
St. K 1-21
St. K 1-21
St. K 1-21
St. K 1-21
St. K 1-21
St. K 1-21
St. K 1-21
St. K 1-21
St. K 1-21
St. K 1-21
St. K 1-21
St. K 1-21
St. K 1-21
St. K 1-21
St. K 1-21
St. K 1-21
St. K 1-21
St. K 1-22
St. K 1-22
St. K 1-22
St. K 1-22
St. K 1-22
St. K 1-22
St. K 1-22
St. K 6-22B
St. K 6-22B
St. K 6-22B
St. K 6-22B
St. K 6-22B
St. K 6-22B
St. K 6-22B
St. K 6-22B
St. K 6-22B
St. K 6-22B

28403
28403
28403
28403
28403
28403
28403
28403
28403
28403
28403
28403
28403
28403
28403
28403
28403
28403
28403
28676
28676
28676
28676
28676
28676
28676
37492
37492
37492
37492
37492
37492
37492
37492
37492
37492

Reef Core
Reef Core
Reef Core
Reef Core
Reef Core
Reef Core
Reef Core
Reef Core
Reef Core
Reef Core
Reef Core
Reef Core
Reef Core
Reef Core
Reef Core
Reef Core
Reef Core
Reef Core
Reef Core
Reef Core
Reef Core
Reef Core
Reef Core
Reef Core
Reef Core
Reef Core
Reef Core
Reef Core
Reef Core
Reef Core
Reef Core
Reef Core
Reef Core
Reef Core
Reef Core
Reef Core

Skeletal Wackestone
Skeletal Wackestone
Skeletal Wackestone
Skeletal Wackestone
Skeletal Wackestone
Skeletal Wackestone
Coral Boundstone
Skeletal Wackestone
Skeletal Wackestone
Coral Boundstone
Coral Boundstone
Coral Boundstone
Skeletal Wackestone
Skeletal Wackestone
Skeletal Wackestone
Skeletal Wackestone
Skeletal Wackestone
Skeletal Wackestone
Skeletal Wackestone
Skeletal Wackestone
Skeletal Wackestone
Skeletal Wackestone
Skeletal Wackestone
Skeletal Wackestone
Skeletal Wackestone
Skeletal Wackestone
Skeletal Wackestone
Skeletal Wackestone
Skeletal Wackestone
Coral Boundstone
Coral Boundstone
Coral Boundstone
Skeletal Wackestone
Skeletal Wackestone
Coral Boundstone
Coral Boundstone

Standard
%
%
%
Dominant Average Pore Deviation
Micro Meso Macro Pore Size
Size (µm2 )
(µm2 )
2
6
5
5
7
4
4
6
3
3
1
7
2
4
2
4
1
3
3
2
1
2
2
4
9
1
11
2
2
3
3
0
0
5
3
5

47
83
30
45
72
71
55
74
32
51
29
52
54
62
56
71
37
31
61
33
21
41
39
67
62
50
89
29
38
48
52
11
16
65
35
80

51
11
65
50
21
25
41
19
66
46
70
41
44
34
42
25
62
65
36
65
78
58
59
29
29
49
0
69
60
50
46
89
84
30
62
14

Macro
Meso
Macro
Macro
Micro
Meso
Meso
Meso
Macro
Meso
Macro
Meso
Meso
Meso
Meso
Meso
Macro
Macro
Meso
Macro
Macro
Macro
Macro
Meso
Micro
Meso
Micro
Macro
Macro
Meso
Meso
Macro
Macro
Meso
Macro
Meso

37473
15045
25793
22048
13293
22933
24121
15355
41843
28326
69874
16901
35807
21602
40569
23630
54106
32863
25971
47192
130636
53272
37169
25695
12964
47388
10000
42303
47895
33040
33500
191813
219857
19380
36750
19244

210802
35429
178423
144283
39920
76584
161908
39615
225239
266503
606756
93726
133662
89366
107630
72744
195194
224327
104682
194352
500070
179160
123016
88038
54972
158039
20090
207749
236459
134588
142424
879026
1082873
68618
212704
44708

RSD
5.6
2.4
6.9
6.5
3.0
3.3
6.7
2.6
5.4
9.4
8.7
5.5
3.7
4.1
2.7
3.1
3.6
6.8
4.0
4.1
3.8
3.4
3.3
3.4
4.2
3.3
2.0
4.9
4.9
4.1
4.3
4.6
4.9
3.5
5.8
2.3

Table 13. PIA results of the Reef Apron facies for all samples
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Sample
Footage
6609
6607.75
6606.5
6598.75
6592
6588.75
6580
6572
6568.5
6564
6562.75
6557
6554.75
6551.8
6456.5
6438.5
6423.5
6390.5
6383.5
6497
6460
6713.5
6678
6675
6665.8

Well

Permit
Number

Depositional
Facies
Assemblages

Lithofacies

St. K 1-21
St. K 1-21
St. K 1-21
St. K 1-21
St. K 1-21
St. K 1-21
St. K 1-21
St. K 1-21
St. K 1-21
St. K 1-21
St. K 1-21
St. K 1-21
St. K 1-21
St. K 1-21
St. K 1-22
St. K 1-22
St. K 1-22
St. K 1-22
St. K 1-22
St. K 6-22B
St. K 6-22B
St. K 2-22
St. K 2-22
St. K 2-22
St. K 2-22

28403
28403
28403
28403
28403
28403
28403
28403
28403
28403
28403
28403
28403
28403
28676
28676
28676
28676
28676
37492
37492
28721
28721
28721
28721

Reef Apron
Reef Apron
Reef Apron
Reef Apron
Reef Apron
Reef Apron
Reef Apron
Reef Apron
Reef Apron
Reef Apron
Reef Apron
Reef Apron
Reef Apron
Reef Apron
Reef Apron
Reef Apron
Reef Apron
Reef Apron
Reef Apron
Reef Apron
Reef Apron
Distal Reef Apron
Distal Reef Apron
Distal Reef Apron
Distal Reef Apron

Skeletal Grainstone
Skeletal Grainstone
Skeletal Grainstone
Skeletal Grainstone
Skeletal Grainstone
Skeletal Grainstone
Skeletal Grainstone
Skeletal Grainstone
Skeletal Grainstone
Skeletal Grainstone
Skeletal Grainstone
Skeletal Grainstone
Skeletal Grainstone
Skeletal Grainstone
Skeletal Grainstone
Skeletal Grainstone
Skeletal Grainstone
Skeletal Grainstone
Skeletal Grainstone
Skeletal Grainstone
Skeletal Grainstone
Distal Reef Apron Grainstone
Distal Reef Apron Grainstone
Distal Reef Apron Grainstone
Distal Reef Apron Grainstone

Standard
%
%
%
Dominant Average Pore
Deviation
2
Micro Meso Macro Pore Size
Size (µm )
(µm2 )
4
2
5
1
4
3
5
2
2
9
3
3
3
3
3
7
3
1
2
7
4
3
8
3
16

69
39
47
22
70
55
63
39
59
73
56
70
82
81
42
78
63
25
52
85
70
73
61
57
70

27
60
48
78
26
42
32
59
39
19
42
27
15
16
55
15
34
74
46
8
27
24
31
40
15

Meso
Macro
Meso
Macro
Meso
Meso
Meso
Macro
Meso
Micro
Meso
Meso
Meso
Meso
Macro
Meso
Meso
Macro
Meso
Meso
Meso
Meso
Micro
Meso
Micro

23233
49468
23274
108444
23463
29436
20391
44848
33211
12975
30844
26839
21087
21989
30938
16172
27583
93271
38939
13566
22451
26181
14560
27027
7295

68548
254535
118984
564868
112288
157848
61965
290232
106006
44505
172300
62006
45884
59296
168810
38147
73685
461819
143839
29628
105243
71874
58896
120756
12969

RSD
3.0
5.1
5.1
5.2
4.8
5.4
3.0
6.5
3.2
3.6
5.6
2.3
2.2
2.7
5.5
2.4
2.7
5.0
3.7
2.2
4.7
2.7
4.0
4.5
1.8

Table 14. PIA results of the Reef-Rubble Conglomerate facies for all samples
Standard
%
%
%
Dominant Average Pore
Deviation
2
Micro Meso Macro Pore Size
Size (µm )
(µm2)

Sample
Footage

Well

Permit
Number

Depositional Facies
Assemblages

Lithofacies

6708
6694
6687.5
6681
6671

St. K 2-22
St. K 2-22
St. K 2-22
St. K 2-22
St. K 2-22

28721
28721
28721
28721
28721

Reef-Rubble Conglomerate
Reef-Rubble Conglomerate
Reef-Rubble Conglomerate
Reef-Rubble Conglomerate
Reef-Rubble Conglomerate

Skeletal Intraclastic Conglomerate
Coarse Lithoclastic Conglomerate
Coarse Lithoclastic Conglomerate
Skeletal Intraclastic Conglomerate
Coarse Lithoclastic Conglomerate

3
8
20
9
10

58
74
80
59
87

39
18
0
32
3

Meso
Micro
Micro
Micro
Micro

31026
14057
6542
13034
10918

139053
32793
9944
27046
24213

RSD
4.5
2.3
1.5
2.8
2.2

Table 15. PIA results of the Stromatolite-Rubble Conglomerate facies for all samples
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Sample
Footage

Well

6410 St. K 6-22B
6664.7 St. K 2-22
6664.5 St. K 2-22
6661
St. K 2-22
6651
St. K 2-22
6643
St. K 2-22
6640
St. K 2-22
6638
St. K 2-22
6633
St. K 2-22
6628.5 St. K 2-22

Standard
%
%
%
Dominant Average Pore Deviation
2
Micro Meso Macro Pore Size
Size (µm )
2
(µm )

Permit
Number

Depositional Facies
Assemblages

Lithofacies

37492
28721
28721
28721
28721
28721
28721
28721
28721
28721

Stromatolite-Rubble Conglomerate
Stromatolite-Rubble Conglomerate
Stromatolite-Rubble Conglomerate
Stromatolite-Rubble Conglomerate
Stromatolite-Rubble Conglomerate
Stromatolite-Rubble Conglomerate
Stromatolite-Rubble Conglomerate
Stromatolite-Rubble Conglomerate
Stromatolite-Rubble Conglomerate
Stromatolite-Rubble Conglomerate

Stromatolitic Intraclastic Conglomerate
Stromatolitic Intraclastic Conglomerate
Stromatolitic Intraclastic Conglomerate
Stromatolitic Intraclastic Conglomerate
Stromatolitic Intraclastic Conglomerate
Stromatolitic Intraclastic Conglomerate
Stromatolitic Intraclastic Conglomerate
Stromatolitic Intraclastic Conglomerate
Stromatolitic Intraclastic Conglomerate
Stromatolitic Intraclastic Conglomerate

8
6
6
12
12
16
16
9
19
19

81
75
69
88
88
81
77
73
69
78

11
18
25
0
0
4
7
17
13
3

Micro
Meso
Meso
Micro
Micro
Micro
Micro
Micro
Micro
Micro

12674
15471
16245
9007
9405
7527
7550
12577
7056
6552

30676
42012
70944
14208
20362
14547
17586
39503
24226
13007

RSD
2.4
2.7
4.4
1.6
2.2
1.9
2.3
3.1
3.4
2.0

Table 16. PIA results of the A-0 Carbonate facies
Sample
Footage

Well

6714

St. K 3-22

Permit Depositional Facies
Number
Assemblages
28843

A-0 Carbonate

Lithofacies
A-0 Carbonate Grainstone

%
%
%
Dominant Average Pore
2
Micro Meso Macro Pore Size
Size (µm )
6

87

7

Meso

15773

Standard
Deviation

RSD

(µm2)
36366

2.3

Table 17. PIA results of the A-1 Carbonate facies for all samples
Sample
Footage

Well

Permit
Number

6593
6338
6624
6622
6619
6617
6612
6607.8
6605.3
6600

St. K 3-22
St. K 1-22
St. K 2-22
St. K 2-22
St. K 2-22
St. K 2-22
St. K 2-22
St. K 2-22
St. K 2-22
St. K 2-22

28843
28676
28721
28721
28721
28721
28721
28721
28721
28721

Depositional Facies
Assemblages
A-1
A-1
A-1
A-1
A-1
A-1
A-1
A-1
A-1
A-1

Carbonate
Carbonate
Carbonate
Carbonate
Carbonate
Carbonate
Carbonate
Carbonate
Carbonate
Carbonate

Lithofacies
Peloidal Grainstone
Thrombolite Grainstone
Cyanobacterial Mats Grainstone
Cyanobacterial Mats Grainstone
Cyanobacterial Mats Grainstone
Cyanobacterial Mats Grainstone
Cyanobacterial Mats Grainstone
Cyanobacterial Mats Grainstone
Cyanobacterial Mats Grainstone
Cyanobacterial Mats Grainstone

Standard
%
%
%
Dominant Average Pore Deviation
Micro Meso Macro Pore Size
Size (µm2 )
2
(µm )
5
0
12
4
8
10
13
5
4
18

60
17
88
63
56
80
69
53
67
62

35
83
0
33
36
10
19
42
29
20

Meso
Macro
Micro
Meso
Meso
Micro
Micro
Meso
Meso
Micro

23084
141338
9913
23027
15339
11388
9650
20371
21481
7350

105577
607230
20496
73942
102184
26940
37095
84429
69888
30606

RSD
4.6
4.3
2.1
3.2
6.7
2.4
3.8
4.1
3.3
4.2
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APPENDIX B
Additional Thin Sections and Pore Size Distribution Charts
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Bioherm facies
Skeletal Wackestone lithofacies

St. Kalkaska 1-22
6685’
C.A Porosity: 5.7 %
I.A Porosity: 4.8 %
C.A Permeability: 4.1 mD

St. Kalkaska 1-22
C.A Porosity: 4.1 %
I.A Porosity: 0.5 %
C.A Permeability: 0.6 mD

6608’

Skeletal Bioherm Toe Grainstone lithofacies

St. Kalkaska 2-22
6747’
C.A Porosity: 4.4 %
I.A Porosity: 6.5 %
C.A Permeability: 0.4 mD

St. Kalkaska 2-22
6749’
C.A Porosity: 5.8 %
I.A Porosity: 15.5 %
C.A Permeability: 1.7 mD

161

162

Reef Core facies
Skeletal Wackestone lithofacies

St. Kalkaska 1-21
6736.75’
C.A Porosity: 9.1 %
I.A Porosity: 14.5 %
C.A Permeability: 1.2 mD

St. Kalkaska 1-21
6708.5’
C.A Porosity: 5.7 %
I.A Porosity: 7.84 %
C.A Permeability: 4.1 mD

St. Kalkaska 1-22
6549.5’
C.A Porosity: 6.3 %
I.A Porosity: 3 %
C.A Permeability: 0.8 mD

St. Kalkaska 6-22B
C.A Porosity: 10.4 %
I.A Porosity: 3.8 %
C.A Permeability: 24 mD

163

6641’

164

Coral Boundstone lithofacies

St. Kalkaska 1-21
6642.5’
C.A Porosity: 16.7 %
I.A Porosity: 4.7 %
C.A Permeability: 9.7mD

St. Kalkaska 6-22B
C.A Porosity: 5.2 %
I.A Porosity: 5 %
C.A Permeability: 124 mD

St. Kalkaska 6-22B
6590.5’
C.A Porosity: 11.5 %
I.A Porosity: 9.4 %
C.A Permeability: 104 mD

6697’

St. Kalkaska 6-22B
C.A Porosity: 7.2 %
I.A Porosity: 4.8 %
C.A Permeability: 32 mD

165

6607’

166

Reef Apron facies
Skeletal Grainstone lithofacies

St. Kalkaska 1-22
C.A Porosity: 9.7 %
I.A Porosity: 10.2 %
C.A Permeability: 1.9 mD

St. Kalkaska 1-21
6564’
C.A Porosity: 18.6 %
I.A Porosity: 4.5 %
C.A Permeability: 15.6 mD

6383.5’

Distal Reef Apron Grainstone lithofacies

St. Kalkaska 2-22
C.A Porosity: 14.4 %
I.A Porosity: 6.7 %
C.A Permeability: 31.2 mD

St. Kalkaska 2-22
6665.8’
C.A Porosity: 11.3 %
I.A Porosity: 3.4 %
C.A Permeability: 8.3 mD

6675’

167

168

Reef-Rubble Conglomerate facies
Skeletal Intraclastic Conglomerate lithofacies

St. Kalkaska 2-22
6681’
C.A Porosity: 6.2 %
I.A Porosity: 0.1 %
C.A Permeability: 0.8 mD

Coarse Lithoclastic Conglomerate lithofacies

St. Kalkaska 2-22
6671’
C.A Porosity: 7.1 %
I.A Porosity: 2.9 %
C.A Permeability: 1.1 mD

169

170

Stromatolite-Rubble Conglomerate facies
Stromatolitic Intraclastic Conglomerate

St. Kalkaska 2-22
6664.7’
C.A Porosity: 13.8 %
I.A Porosity: 11.2 %
C.A Permeability: 7.6 mD

St. Kalkaska 2-22
6638’
C.A Porosity: 10.6 %
I.A Porosity: 2.9 %
C.A Permeability: 21.6 mD

171

172

A-1 Carbonate facies
Cyanobacterial Mats Grainstone lithofacies

St. Kalkaska 2-22
6622’
C.A Porosity: 13.5%
I.A Porosity: 6.7 %
C.A Permeability: 19.5 mD

St. Kalkaska 2-22
C.A Porosity: 10.5 %
I.A Porosity: 4 %
C.A Permeability: 7 mD

173

6617’

174

APPENDIX C
PIA Data for Interparticle (Intercrystalline), Separate Vug and Touching Vug-Dominated
Samples
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Table 18. Interparticle-dominated samples data
Sample
Footage

Core

Permit
Number

Depositional
Facies
Assemblages

Lithofacies

6674
6608
6678
6638.75
6490.5
6657
6609
6592
6557
6551.8
6438.5
6497
6460

St. K 1-22
St. K 1-22
St. K 1-21
St. K 1-21
St. K 1-22
St. K 6-22B
St. K 1-21
St. K 1-21
St. K 1-21
St. K 1-21
St. K 1-22
St. K 6-22B
St. K 6-22B

28676
28676
28403
28403
28676
37492
28403
28403
28403
28403
28676
37492
37492

Bioherm
Bioherm
Reef Core
Reef Core
Reef Core
Reef Core
Reef Apron
Reef Apron
Reef Apron
Reef Apron
Reef Apron
Reef Apron
Reef Apron

Skeletal Wackestone
Skeletal Wackestone
Skeletal Wackestone
Skeletal Wackestone
Skeletal Wackestone
Skeletal Wackestone
Skeletal Grainstone
Skeletal Grainstone
Skeletal Grainstone
Skeletal Grainstone
Skeletal Grainstone
Skeletal Grainstone
Skeletal Grainstone

4.1
4.5
8.0
5.4
4.3
8.3
20.5
17.4
9.9
12.6
5.0
11.5
11.4

0.6
2.8
1.6
1.1
0.1
7.6
50.8
44.0
10.3
18.9
5.1
17.0
23.0

3.6
2.9
2.6
3.7
4.2
2.0
3.0
4.8
2.3
2.7
2.4
2.2
4.7

uniform
uniform
uniform
uniform
uniform
uniform
patchy
patchy
uniform
uniform
uniform
uniform
patchy

6678

St. K 2-22

28721

Distal Reef Apron

Distal Reef Apron
Grainstone

6.1

1.9

4.0

6675

St. K 2-22

28721

Distal Reef Apron

Distal Reef Apron
Grainstone

14.4

31.2

6665.8

St. K 2-22

28721

Distal Reef Apron

Distal Reef Apron
Grainstone

11.3

6694

St. K 2-22

28721

Reef-Rubble
Conglomerate

Coarse Lithoclastic
Conglomerate

6687.5

St. K 2-22

28721

Reef-Rubble
Conglomerate

6681

St. K 2-22

28721

6671

St. K 2-22

28721

6410

St. K 6-22B 37492

C.A
C.A
Porosity Permeability
(%)
(mD)

%
Micro

%
Meso

%
Macro

Micro
Meso
Meso
Meso
Micro
Micro
Meso
Meso
Meso
Meso
Meso
Meso
Meso

8
2
6
2
9
11
4
4
3
3
7
7
4

53
44
74
54
62
89
69
70
70
81
78
85
70

38
54
19
44
29
0
27
26
27
16
15
8
27

uniform

Micro

8

61

31

4.5

uniform

Meso

3

57

40

8.3

1.8

uniform

Micro

16

70

15

8.9

8.6

2.3

uniform

Micro

8

74

18

Coarse Lithoclastic
Conglomerate

7.1

1.1

1.5

uniform

Micro

20

80

0

Reef-Rubble
Conglomerate

Skeletal Intraclastic
Conglomerate

7.1

1.1

2.8

uniform

Micro

9

59

32

Reef-Rubble
Conglomerate

Coarse Lithoclastic
Conglomerate

6.2

0.8

2.2

uniform

Micro

10

87

3

Stromatolite-Rubble
Conglomerate

Stromatolitic
Intraclastic
Conglomerate

13.5

25.0

2.4

uniform

Meso

8

81

11

12.1

8.7

2.7

uniform

Meso

6

75

18

11.7

14.6

1.6

uniform

Micro

12

88

0

Stromatolitic
Intraclastic
Stromatolitic
Intraclastic
Conglomerate

RSD

Pore
Dominant
Distribution Pore Size

6664.7

St. K 2-22

28721

Stromatolite-Rubble
Conglomerate

6661

St. K 2-22

28721

Stromatolite-Rubble
Conglomerate

6651

St. K 2-22

28721

Stromatolite-Rubble
Conglomerate

Stromatolitic
Intraclastic
Conglomerate

13.2

36.5

2.2

uniform

Micro

12

88

0

6643

St. K 2-22

28721

Stromatolite-Rubble
Conglomerate

Stromatolitic
Intraclastic
Conglomerate

7.5

8.3

1.9

uniform

Micro

16

81

4
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Table 18 – continued. Interparticle-dominated samples data
Sample
Footage

Core

Permit
Number

6640

St. K 2-22

28721

6633

St. K 2-22

28721

6628.5

St. K 2-22

28721

6714

St. K 3-22

28843

6624

St. K 2-22

28721

6622

St. K 2-22

28721

6617

St. K 2-22

28721

6612

St. K 2-22

28721

6607.8

St. K 2-22

28721

6600

St. K 2-22

28721

Depositional
Facies
Assemblages

Lithofacies

StromatoliteStromatolitic Intraclastic
Rubble
Conglomerate
Conglomerate
StromatoliteStromatolitic Intraclastic
Rubble
Conglomerate
Conglomerate
StromatoliteStromatolitic Intraclastic
Rubble
Conglomerate
Conglomerate
A-0 Carbonate
A-0 Carbonate
Grainstone
Cyanobacterial Mats
A-1 Carbonate
Grainstone
Cyanobacterial Mats
A-1 Carbonate
Grainstone
Cyanobacterial Mats
A-1 Carbonate
Grainstone
Cyanobacterial Mats
A-1 Carbonate
Grainstone
Cyanobacterial Mats
A-1 Carbonate
Grainstone
Cyanobacterial Mats
A-1 Carbonate
Grainstone

C.A
Porosity
(%)

C.A
Permeability RSD
(mD)

Pore
Distribution

Dominant
%
%
%
Pore Size Micro Meso Macro

10.6

21.6

2.3

Uniform

Micro

16

77

7

14.2

29.9

3.4

uniform

Micro

19

69

13

13.8

7.6

3.8

uniform

Micro

19

78

3

8.5

3.8

2.3

uniform

Meso

6

87

7

6.9

2.3

2.1

uniform

Micro

12

88

0

13.5

19.5

3.2

patchy

Meso

4

63

33

10.5

7.0

2.4

patchy

Micro

10

80

10

13.1

32.5

3.8

patchy

Micro

13

69

19

10.0

11.3

4.1

uniform

Meso

5

53

42

6.7

N/A

4.2

uniform

Micro

18

62

20
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Table 19. Separate vug dominated samples data
Sample
Footage

Core

Permit
Number

Depositional
Facies
Assemblages

C.A
C.A
Pore
Dominant %
%
%
Porosity Permeability RSD
Distribution Pore Size Micro Meso Macro
(%)
(mD)

6685

St. K 1-22

28676

Bioherm

5.7

4.1

4.5

uniform

Meso

5

67

28

6747

St. K 2-22

28721

Bioherm

4.4

0.4

4.9

patchy

Macro

3

45

53

6734
6730
6708.5
6705
6688.75
6684
6664
6642.5
6632
6630
6628.75
6626
6618
6527
6513.5
6471.5
6629
6641
6607
6565
6588.75
6580
6572
6568.5
6564
6562.75
6554.75
6456.5
6423.5
6383.5
6713.5

St. K 1-21
St. K 1-21
St. K 1-21
St. K 1-21
St. K 1-21
St. K 1-21
St. K 1-21
St. K 1-21
St. K 1-21
St. K 1-21
St. K 1-21
St. K 1-21
St. K 1-21
St. K 1-22
St. K 1-22
St. K 1-22
St. K 6-22B
St. K 6-22B
St. K 6-22B
St. K 6-22B
St. K 1-21
St. K 1-21
St. K 1-21
St. K 1-21
St. K 1-21
St. K 1-21
St. K 1-21
St. K 1-22
St. K 1-22
St. K 1-22
St. K 2-22

28403
28403
28403
28403
28403
28403
28403
28403
28403
28403
28403
28403
28403
28676
28676
28676
37492
37492
37492
37492
28403
28403
28403
28403
28403
28403
28403
28676
28676
28676
28721

11.9
5.6
8.5
11.8
10.5
8.6
8.0
16.7
9.9
8.8
18.8
14.0
9.8
4.5
5.8
4.7
4.8
10.4
7.2
7.3
20.2
13.6
17.4
14.9
18.6
13.3
17.3
5.7
6.0
9.7
11.6

16.2
0.6
5.8
148.0
9.0
8.1
14.0
9.7
14.4
25.0
29.2
21.7
9.4
0.4
3.5
0.8
0.5
24.0
32.0
48.0
96.5
3.4
92.5
43.4
15.6
29.2
2.0
3.9
0.8
1.9
46.2

2.4
6.9
6.5
3.0
3.3
6.7
9.4
5.5
4.1
2.7
3.1
3.6
4.0
3.4
3.3
3.3
4.9
3.5
5.8
2.3
5.4
3.0
6.5
3.2
3.6
5.6
2.2
5.5
2.7
3.7
2.7

uniform
patchy
patchy
uniform
patchy
patchy
patchy
patchy
patchy
uniform
patchy
patchy
patchy
uniform
uniform
patchy
uniform
patchy
patchy
uniform
patchy
patchy
patchy
uniform
uniform
patchy
uniform
patchy
uniform
patchy
uniform

Meso
Macro
Macro
Micro
Meso
Meso
Meso
Meso
Meso
Meso
Meso
Macro
Meso
Macro
Macro
Meso
Macro
Meso
Macro
Meso
Meso
Meso
Macro
Meso
Micro
Meso
Meso
Macro
Meso
Meso
Meso

6
5
5
7
4
4
3
7
4
2
4
1
3
2
2
1
2
5
3
5
3
5
2
2
9
3
3
3
3
2
3

83
30
45
72
71
55
51
52
62
56
71
37
61
41
39
50
38
65
35
80
55
63
39
59
73
56
82
42
63
52
73

11
65
50
21
25
41
46
41
34
42
25
62
36
58
59
49
60
30
62
14
42
32
59
39
19
42
15
55
34
46
24

6708

St. K 2-22

28721

5.7

3.5

4.5

patchy

Meso

3

58

39

6664.5

St. K 2-22

28721

12.9

15.9

4.4

uniform

Meso

6

69

25

6619

St. K 2-22

28721

7.3

16.7

6.7

patchy

Meso

8

56

36

6605.3

St. K 2-22

28721

12.2

14.2

3.3

patchy

Meso

4

67

29

6593

St. K 3-22

28843

11.9

22.5

4.6

patchy

Meso

5

60

35

Lithofacies

Skeletal Wackestone
Skeletal Bioherm Toe
Grainstone
Reef Core
Skeletal Wackestone
Reef Core
Skeletal Wackestone
Reef Core
Skeletal Wackestone
Reef Core
Skeletal Wackestone
Reef Core
Skeletal Wackestone
Reef Core
Coral Boundstone
Reef Core
Coral Boundstone
Reef Core
Coral Boundstone
Reef Core
Skeletal Wackestone
Reef Core
Skeletal Wackestone
Reef Core
Skeletal Wackestone
Reef Core
Skeletal Wackestone
Reef Core
Skeletal Wackestone
Reef Core
Skeletal Wackestone
Reef Core
Skeletal Wackestone
Reef Core
Skeletal Wackestone
Reef Core
Skeletal Wackestone
Reef Core
Coral Boundstone
Reef Core
Coral Boundstone
Reef Core
Coral Boundstone
Reef Apron
Skeletal Grainstone
Reef Apron
Skeletal Grainstone
Reef Apron
Skeletal Grainstone
Reef Apron
Skeletal Grainstone
Reef Apron
Skeletal Grainstone
Reef Apron
Skeletal Grainstone
Reef Apron
Skeletal Grainstone
Reef Apron
Skeletal Grainstone
Reef Apron
Skeletal Grainstone
Reef Apron
Skeletal Grainstone
Distal Reef Apron
Skeletal Grainstone
Reef-Rubble
Skeletal Intraclastic
Conglomerate
Conglomerate
Stromatolite-Rubble Stromatolitic Intraclastic
Conglomerate
Conglomerate
Cyanobacterial Mats
A-1 Carbonate
Grainstone
Cyanobacterial Mats
A-1 Carbonate
Grainstone
A-1 Carbonate
Peloidal Grainstone
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Table 20. Touching vug-dominated samples data
Sample
Footage

Core

Permit
Number

6751

St. K 2-22

28721

6749

St. K 2-22

28721

6736.75
6675.5
6655.5
6624
6508.5
6549.5
6535.5
6639
6590.5
6571.7
6697
6669
6390.5
6607.75
6606.5
6598.75
6338

St. K 1-21
St. K 1-21
St. K 1-21
St. K 1-21
St. K 1-22
St. K 1-22
St. K 1-22
St. K 6-22B
St. K 6-22B
St. K 6-22B
St. K 6-22B
St. K 6-22B
St. K 1-22
St. K 1-21
St. K 1-21
St. K 1-21
St. K 1-22

28403
28403
28403
28403
28676
28676
28676
37492
37492
37492
37492
37492
28676
28403
28403
28403
28676

Depositional
Facies
Assemblages

Lithofacies

Skeletal Bioherm Toe
Grainstone
Skeletal Bioherm Toe
Bioherm
Grainstone
Reef Core
Skeletal Wackestone
Reef Core
Skeletal Wackestone
Reef Core
Coral Boundstone
Reef Core
Skeletal Wackestone
Reef Core
Skeletal Wackestone
Reef Core
Skeletal Wackestone
Reef Core
Skeletal Wackestone
Reef Core
Skeletal Wackestone
Reef Core
Coral Boundstone
Reef Core
Coral Boundstone
Reef Core
Coral Boundstone
Reef Core
Coral Boundstone
Reef Apron
Skeletal Grainstone
Reef Apron
Skeletal Grainstone
Reef Apron
Skeletal Grainstone
Reef Apron
Skeletal Grainstone
A-1 Carbonate Thrombolite Grainstone
Bioherm

C.A
C.A
Pore
Dominant
Porosity Permeability RSD
Distribution Pore Size
(%)
(mD)

%
Micro

%
%
Meso Macro

8.7

11.2

4.9

patchy

Macro

1

33

65

5.8

1.7

9.0

patchy

Macro

2

30

68

9.1
8.7
20.6
8.9
8.9
6.3
4.8
5.9
11.5
8.7
5.2
8.4
11.8
13.0
23.5
10.6
2.2

1.2
16.5
91.5
3.9
27.4
0.9
117.6
42.0
104.0
2.0
124.0
375.0
26.9
268.4
380.1
50.1
2.2

5.6
5.4
8.7
6.8
3.4
4.1
3.8
4.9
4.1
4.3
4.6
4.9
5.0
5.1
5.1
5.2
4.3

patchy
patchy
patchy
patchy
uniform
uniform
uniform
patchy
patchy
patchy
patchy
patchy
patchy
patchy
patchy
uniform
patchy

Macro
Macro
Macro
Macro
Meso
Macro
Macro
Macro
Meso
Meso
Macro
Macro
Macro
Macro
Meso
Macro
Macro

2
3
1
3
4
2
1
2
3
3
0
0
1
2
5
1
0

47
32
29
31
67
33
21
29
48
52
11
16
25
39
47
22
17

51
66
70
65
29
65
78
69
50
46
89
84
74
60
48
78
83
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